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Preface 


Modern  telecommunications  arc  aimed  at  improving  the  safety  and  the  data  rate  of  messages,  in  particular  by  means  of  digital 
techniques,  but  also  by  increasing  redundancy  through  the  use  of  distributed  systems. 

The  mam  feature  of  distributed  systems  is  that  transmitted  and/or  received  signals  arc  distributed  into  the  Space-Time- 
Frequency  space,  at  least  along  one  dimension. 

Signal  processing  capability  has  evolved  quickly  during  the  last  two  decades,  following  the  development  of  D.S  P.  components, 
which  allow  fast  and  accurate  treatment 

New  methods  have  made  possible  the  handling  of  complex  problems  such  as:  receiving  in  large  antenna  arrays  of  which  OTH 
radars  are  the  Irest  example,  spread  spectrum  tcchniquc.s,  which  greatly  improve  transmission  viability,  adaptive  systems  which 
rely  on  time  distribution  in  order  to  mitigate  multipath  effects,  and  mullistaiic  radars,  able  to  detect  stealth  targets. 

The  objective  of  this  Symposium  has  been  to  gather  the  best  specialists  in  ihese  fields,  where  propagation  effects  are  pre-sent  in 
the  design  of  the  systems 

The  present  editing  contains  the  texts  of  the  lectures,  along  with  following  discussions  or  comments. 

I  would  like  to  thank  the  Session  Chairmen  who  had  to  direct  the  di-scussions,  and  the  Technical  Committee  Members  for  the 
important  work  they  have  accomplished 

I  am  very  grateful  to  the  Greek  Authorities,  the  National  Delegate,  and  the  Local  Coordinator  and  his  staff,  for  their  friendly 
welcome  and  for  the  excellent  organization  of  the  Symposium 

1  must  also  express  my  thanks  to  the  EPP  Administrator  and  his  Secretary  who  provided,  before,  during,  and  after  the 
Symposium,  precious  and  appreciated  support. 

Finally,  I  cannot  forget  my  colleagues.  Dr.  J.H.  Richter,  and  the  ingenieur  General  de  lArmement  P.  Fuerxer,  Deputy  Chairmen 
of  this  Symposium,  with  whom  I  was  so  pleased  to  work. 


C  Goutelard 
Deputy  Chairman 
Co- Editor 
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Preface 


Les  telecommunications  modernes  visent  a  ameliomr  la  rapidite  de  transmission  et  la  protection  des  messages  notamment  par 
les  techniques  numenques  mats  aussi  en  augmentant  la  redundance  par  I’utilisation  de  systemes  distnbues. 

Les  systemes  distribues  doivent  etre  caractens^  par  le  fait  que  remission  et/ou  la  reception  des  stgnaux  est  reparhe  selon  une 
dimension,  au  moins.  de  I’espace  minimum  qui  permet  de  les  represenler:  Temps-Frequence-Espace. 

Les  possibilites  de  traitement  du  signal  ont  evoluees  rapidement  depuis  deux  decennies  grke  aux  composants  qui  permettent 
d'effectuer  des  traitements  numenques  done  precis  et  rapides.  De  nouvelles  methodes  ont  done  permis  de  trailer  des  systbmes 
complexes,  tels  que  la  reception  avec  de  grands  reseaux  d'antennes  dont  les  radars  iranshorizon  sont  les  exemples  les  plus 
clairs,  les  techniques  d'etalement  de  spectre  d'oii  decoule  une  grande  secunte  de  transmission,  les  systemes  adaptatifs  qui 
s’appuient  sur  la  distribution  temporelle  pour  lutter  contre  les  trajets  multiples  ou  enfin  les  radars  multistatiques  susceptibles 
d'assurer  une  nposte  aux  cibivs  furtives. 

L'objectif  de  ce  symposium  a  etc  de  reunir  les  meilleur<  specialistes  de  ces  domames  oil  I'lnfluence  de  la  propagation  est 
presentc  dans  toute  conception  de  systemes. 

Cette  edition  reproduit  les  textes  des  conferences  presentees  ainsi  que  les  discussions  qui  les  ont  accompagnees. 

Je  liens  a  remercier  les  presidents  de  seances  qui  ont  eu  a  conduire  les  discussions  et  les  membres  du  comite  technique  pour 
I'lmportant  travail  qu'ils  ont  accompli. 

Que  les  autontes  grecques,  le  delegue  national,  le  coordonnateur  local  et  .son  equipe  acceptent  I’expression  de  notre 
reconnaissance  pour  I'accueil  si  sympalhique  que  nous  avons  re(u  et  I'excelienle  organisation  de  ce  symposium. 

Mes  remerciements  s'adressent  aussi  a  I'administrateur  de  I’EPP  et  ^  son  secretaire  qui  o.ni  apporte  avant,  pendant  et  apres  le 
symposium,  une  aide  pr^ieuse  fort  appreciee. 

Comment  pourrais-je  oublier  enfin  dans  ces  remerciements  mes  collegues,  le  Docteur  J.H.Richter  el  I’Ingemeur  en  Chef  de 
I’Armamenl  P.  Fuerxer,  co-President  de  ce  symposium  avec  qui  j’ai  eu  tani  de  plaisir  a  travailler. 


C.Goutelard 

Co-President 

Co-Editeur 
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Theme 


Modern  military  systems  must  be  resistant  to  electronic  countermeasures,  have  high  reliability,  and  continuously  assure  high 
quality  functions.  Distributed  systems  are  more  and  more  considered  as  an  interesting  possibility,  among  them-  Space 
Distribution,  Time  or  Space-Time  Distnbution,  and  Frequency  Distnbution. 


When  dealing  with  these  techniques,  effects  of  the  medium  on  the  coherence  of  the  electromagnetic  waves,  non-homogeneities, 
variability  and  dispersivity  of  the  medium,  must  be  taken  into  account.  A  better  understanding  of  the  physical  phenomena  will 
lead  to  better  technical  solutions  and  will  help  push  back  the  frontiers  of  current  technical  limitations.  These  techniques  apply  to 
high  reliability  communications,  radar  systems  and  satellite  systems  for  radio  localisation  and  range  finding.  For  military 
applications,  modern  systems  largely  rely  on  distributed  systems,  because  of  the  additional  benefits  they  bring,  e.g.  counter 
jamming  and  performance  improvement.  Sophisticated  signal  processing  enables  the  development  of  these  techniques,  which 
provide  military  systems  with  the  reliability,  the  hardening  and  the  quality  they  require  In  addition,  these  .systems  are  able  to 
survive  in  the  battlefield  environment. 


C 


The  topics  covered  include- 


I  Limitalion  of  the  medium. 

2.  Jamming  and  noise  reduction  effects  on  distributed  systemy 

3.  Distributed  systems. 

fy 
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Theme 


Les  systemes  militaires  modernes  doivent  etre  resistanis  aus  contremesurcs  elect  roniques,  faire  preuve  d'une  grande  iiabihte  et 
assurer  en  permanence  des  functions  de  premier  ordre  Les  systemes  distnbues  sont  de  plus  en  plus  consideres  comme  une 
option  inieressame  el  en  particulier :  la  distribution  dans  I'espace,  la  distribution  dans  le  temps,  la  distribution  dans  I'espace.' 
temps  et  I’attribution  de  frequences. 

En  cc  qui  coneerne  ces  techniques,  il  faut  tenir  compte  des  effets  du  milieu  de  propagation  sur  la  conerence  des  ondes 
electromagneliques.  ainsi  que  des  non-homogeneites,  cl  de  la  variabilite  et  de  la  dispersivite  du  milieu  Une  meilleure 
comprehension  du  phenomene  physique  amenera  des  solutions  techniques  plus  performantes.  tout  en  faisani  reculer  les 
froniic-res  imposees  par  les  contraintes  techniques  actuelles 

Ces  techniques  s’appliquent  aux  reseaux  de  tel^ommunications  a  haute  fiabilite  qui  sont  les  systemes  radar  et  satellite  de 
radiolocalisation  et  de  lelemetrie  Pour  les  applications  militaircs,  les  systemes  modernes  sont  generalemeni  des  systemes 
distnbues  en  raison  des  avaniages  qui  y  sont  associes  I’anti-brouillage  et  I'amelioration  des  performances.  Ces  techniques,  qui 
garantissent  aux  systemes  militaires  la  fiabilite,  le  durcissement  el  la  quahtc  donl  ils  ont  besoin,  doivcnl  leur  existence  a  des 
systemes  sophistiques  de  traitement  du  signal.  En  outre,  ces  systemes  sont  adaptes  aux  conditions  de  survie  ca-acteristiqucs  du 
champ  de  balaille. 

Parnu  les  sujels  examines  on  distingue. 

1 .  La  limitation  du  milieu  de  propagation. 

2.  Les  effets  du  brouillage  et  de  la  reduction  du  bruit  sur  les  systemes  distnbues 

3.  Les  systemes  distribucs. 
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ABSTRACT 

With  the  statistics  of  morphology  of  F-layer  irregularities  now  in  hand,  it  is  possible  to  forecast 
in  broad  terms  what  to  ei^ect  at  equatorial,  auroral  and  polar  latitudes  during  various  levels  of 
solar  flux.  With  the  bejpnning  of  an  understandiiu  of  the  effect  of  the  various  phases  of  mag¬ 
netic  storms  on  generating  irregularities  as  noted  £om  the  solar  wind,  ring  current,  convection, 
auroral  index,  and  maraetic  index  parameters,  it  is  possible  to  roughly  forecast  levels  of  P-Iayer 
irre^arity  intensiW.  With  these  in  hand,  the  utility  of  space,  time,  and  frequency  diversity 
con  ne  evaluated.  Diversity  could  be  used  if  forecasting  in  rcM  time  was  possible.  This  study 
outlines  the  dynamics  of  irregularity  generation  and  inmbition  during  various  phases  of  ring 
current  and  magnetic  activity,  leaving  the  detailed  use  of  diversity  methods  to  the  system  oper¬ 
ators.  For  the  system  operators,  the  duration  and  severity  of  the  effects  must  be  evaluated  for 
the  particular  location. 

INTRODUCTION 

Irre^srities  at  F-layer  heists  produce  phase  and  amplitude  fluctuations  on  signals  traversing 
the  ionosphere.  They  therefore  have  an  raect  on  radio  systems  designed,  developed  or  envis¬ 
aged  which  utilize  frequencies  from  20  MKz  to  6  GHz.  u  the  system  is  in  the  field,  the  using 
organization  is  usually  left  to  determine  the  need  and  utility  of  correction  methods.  The  using 
organization  has  to  develop  the  day  to  day  perturbations  that  have  an  effect  on  the  system.  In 
the  case  of  dealing  with  the  problems  that  irregularities  produce  (fading,  loss  of  signed,  false 
targets)  the  designer  of  the  equipment  has  to  be  able  to  supply  methods  of  minimizing  these 
effects.  This  has  to  mean  a  decrease  in  capability.  It  is  there  that  the  evaluation  of  frequency, 
time  or  speuie  diversity  has  to  be  made. 

fbr  forecasting  ionospheric  propustioi^arameters  we  have  two  distinct  needs  i.e.  long  term 
statistical  effects  ana  dynamic  effects.  TTie  planner  if-  only  concerned  with  the  effects  of  mag¬ 
netic  storms  such  as  vrere  observed  Match  13  and  14,  1989  as  a  piece  of  his  statistics,  perhaps 
the  99  percentile  bracket.  Data  and  analyses  ate  at  band  to  forecast  the  morphology  of  F-layer 
irregularities.  Forecasting  the  morphology  allows  the  evaluation  of  the  utility  of  operating  sys¬ 
tems  and  the  platming  of  back-ups. 

However,  the  users  of  satellite  conununicatimis  at  250  MHz  were  dismayed  on  March  13  and  14, 
1989  when  auroral  effects  on  transmission  were  noted  as  far  from  the  auroral  zone  as  Mexico 
and  Puerto  lUco.  Forecasting  the  dynamics  will  allow  the  use  of  real  time  warning  and  possible 
use  of  diversity  as  a  function  of  geophysical  cmiditions.  It  allows  the  system  to  warn  operators 
about  impending  problems.  In  this  paper,  we  shall  concentrate  on  two  geophysical  areas  where 
it  is  possible  to  develop  forecasting  methods  to  determine  the  dynamics  of  irregularity  genera¬ 
tion;  we  shall  look  at  the  auror^  and  equatorial  regions. 

Using  scintillation  data  from  satellite  transmissioDS,  we  shall  note  briefly  the  morphology  of 
irregularities  producing  scintillation  but  direct  the  study  to  the  development  of  the  irregularity 
dynamics  as  a  function  of  time  and  latitude. 
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GLOBAL  PATTERNS  OF  F-LAYER  IRREGULARITIES 
1.  HIGH  LATITUDE  MORPHOLOGY  AND  DYNAMICS 


V  Morphology 

We  currently  have  a  good  idea  as  to  the  level  of  phase  and  amplitude  scintillations  and  ^read 
F  in  the  regions  of  importance.  Figure  1  is  a  cartoon  of  the  nighttime  F-layer  irregularities 
affecting  santillation  during  years  of  high  solar  6ux.  The  word  cartoon  is  used  to  reflect  the 
broad  brush  somewhat  inaccurate  nature  of  the  picture.  It  is  an  updated  version  of  similar 
global  maps  presented  in  the  past  (Aarons,  1982).  It  does  establish  the  importance  of  the  au¬ 
roral,  the  pour,  and  the  equatorial  repons  for  tms  parameter.  We  know  quite  a  bit  about  the 
statistics  of  F-layer  irregularities  in  the  auroral  and  equatorial  regions,  the  areas  to  be  discussed 
in  this  paper.  Excellent  references  on  the  occurrence  and  intensity  of  both  phase  and  amplitude 
fluctuations  are  given  in  Su.  Basu  et  al,  ISST  and  Su.  Basu  et  al,  1988. 


! 


FADING  DEPTH  DURING 
HIGH  SUNSPOT  YEARS 


Fig.  1 

Fifuie  1,  The  nighttime  F-lnyer  irtegaluity  woild  in  yeirs  of  high  lolw  flux  This  U  an 
updated  nnion  of  the  scintillation  activity  as  shown  in  Aarons  (1983) 


Much  research  has  been  done  on  the  effect  of  magnetic  activity  on  F-layer  irregularities  at  auro¬ 
ral  latitudes.  At  high  latitudes,  a  review  of  the  data  indicates  a  rather  complex  picture  with 
a  seasonal,  latitudinal  and  longitudinal  dependence.  In  most  of  the  studies  (e.g.  Rino  and 
Matthews,  1980),  the  data  are  anedyzed  by  sorting  into  magnetically  disturbed  and  quiet  peri¬ 
ods  of  time  depending  on  whether  Kp  or  Ap  is  greater  than  or  less  than  some  particular  value. 

b.  Dynamics 

However,  the  effects  of  the  magnetic  storms  on  F  region  irregularities  undoubtedly  depend  on 
the  phases  of  the  storms.  Fbr  a  particular  observing  point  this  means  a  correlation  of  the  ef¬ 
fects  of  storm  development  as  a  function  of  local  time.  This  has  been  shown  to  be  amply  true 
in  the  case  of  total  electron  content  obtained  from  satellite  observations  (Mendillo  et  u,  1972). 
We  shall  focus  on  the  pattern  of  individual  storm  development. 

PVom  the  modelling  point  of  view,  the  irregularity  data  need  a  geophysical  parameter  around 
which  to  organize  occurrence  and  intensity.  For  the  auroral  region  the  forcing  function  has 
been  mametic  activity  as  shown  by  studies  of  low  altitude  satellites  such  as  WIDEBAND  and 
TRANSIT  as  well  as  earlier  work  with  radio  stars  and  syncliroiious  satellites.  Increased  solar 
flux  plays  a  role  both  pushing  the  F-layer  irregularity  region  equatorwards  in  latitude  and  in¬ 
creasing  the  quiet  day  intensity. 
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In  the  study  of  the  dyna^cs  of  the  develwment  of  inegularities  at  auroral  latitudes  during  a 
magnetic  storm,  F-layer  irregulatities  are  Knmd  to  be  aerated  during  the  i^ection  phase  of 
the  magnetic  storm,  the  stienidh  and  duration  of  whiw  vary  with  the  intensity  and  duration  of 
the  storm  components.  The  raect  during  this  intial  phase  of  a  magnetic  storm  is  proposed  to 
be  the  prompt  electric  field  penetration  to  low  latitudes  due  to  the  rate  of  motion  of  the  equa- 
torward  edge  of  the  auroral  electric  fields,  before  the  shielding  layer  builds  (Ftejer  et  al,  1989b. 
and  Foster  and  Aarons,  1988)  When  this  penetration  occurs,  the  conditions  which  produce  the 
F-layer  irregularities  descend  to  what  bad  been  sub-auroral  latitudes.  When  the  electric  field 
descends  to  lower  latitudes  there  is  a  distinct  time  lapse  along  a  particular  lonntude  for  the 
irregularities  to  form.  The  source  weakens  and  descends  to  lowr  latitudes  probably  as  a  func¬ 
tion  of  the  electric  field  and  the  ambient  ionospheric  conditions  extant  at  that  time.  There  is 
no  hole  observed  i.e.  a  region  such  as  the  tioujdi  where  there  are  very  weak  irregularities,  al¬ 
though  our  data  does  not  definitively  rule  this  out.  The  descent  could  take  place  during  the 
day  or  during  the  night.  During  the  night,  the  irregularity  region  under  magnetically  quiet  cir¬ 
cumstances  has  alreMy  descended  to  Imver  latitudes.  Therefore,  the  latitude  affected  by  the 
equatorward  direction  of  the  source  can  be  lower  than  during  the  day. 

b.  Development  of  the  Classic  Geomagnetic  Storm 


Sugiura  and  Chapman  ( 1960)  have  shown  the  Dst  levels  from  classical  mametic  storms;  we 
have  averaged  and  produced  a  curve  of  Dst  in  the  diagram  of  Figure  2.  We  have  added  an  ide¬ 
alized  Kp,  substituting  this  for  the  DS  used  by  Su^ra  and  Chapman.  Althou^  this  is  not  m 
auroral  electrojet  index  as  suggested  by  Rostoker  (1972)  the  use  of  Kp  is  justified  on  the  basis 
that  we  are  working  with  auroral,  sub-auroral  and  equatorial  latitudes  as  well  as  a  history  of 
correlation  of  irregularities  with  Kp.  These  curves  indicate  the  immediate  magnetic  variations 
and  the  injection  of  ions  into  the  nng  current  (Dst)  either  the  result  of  substorm  injections 
or  Birkeland  Region  2  currents.  These  occur  in  weak  ,  moderate  and  great  magnetic  storms. 
However,  it  should  be  noted  individual  storms  rarely  appear  as  the  average  storm  of  Figure  2. 
FVom  this  classical  picture  there  are  two  elements  of  interest.  In  the  initiS  period  of  a  magnetic 
storm,  Kp  and  AE  increase.  Ions  are  injected  into  the  rin^  current  but  there  is  most  often  a 
time  lapse  between  the  initial  start  of  the  storm  'Jid  the  time  period  of  maximtun  energy  in  the 
ring  current  as  measured  by  Dst. 


MODEL  OF  IRREGULARITY  INTENSITY 


A  descriptive  model  of  the  dynamic  effects 
o'  magnetic  storms  on  auroral  and  sub- 
aurorM  irregularities  was  developed  by  A.S. 
Rodger  and  myself.  In  Figure  2  we  show  the 
apparent  motion  of  the  irregularity  effects 
of  the  magnetic  storm,  in  reality  the  electric 
field  penetration  as  a  function  of  latitude. 

It  first  affects  the  auroral  region  with  very 
close  correlation  between  the  form  of  mag¬ 
netic  activity  and  the  liming  of  scintillation 
at  auroral  latitudes.  As  time  proceeds,  the 
effects  descend  to  lower  latitudes  encom¬ 
passing  regions  termed  in  quiet  magnetic 
periods,  sub-auroral  latitudes.  This  is  es¬ 
sentially  shown  in  the  'storm  day’  which 
we  term  Day  1.  During  this  injection  phase, 
the  ring  current  stores  the  ionospheric  and 
solar  ions.  After  the  storm,  the  ring  current 
decays  and  this  decay  is  the  source  for  the 
eneration  of  sub-auroral  irregularities  -  and 
table  Auroral  Red  Arcs. 

In  this  model  of  the  time  development  of  ir¬ 
regularities  in  the  F  region,  the  initial  irreg¬ 
ularities  observed  are  noted  in  the  aurora] 
oval.  Within  a  matter  of  hours,  the  irreg¬ 
ularity  development  moves  equatorwards. 
While  this  can  take  place  during  daytime 
hours,  the  presence  of  an  E  layer  shorts  out 
the  irregularities  in  a  matter  of  minutes  to 
an  hour.  During  night  hours,  the  penetra¬ 
tion  of  the  electric  field  to  lower  latitudes 
takes  place  along  with  the  development  of 
irregularities. 


DURING  AND  AFTER 
MAGNETIC  STORM  COMMENCEMENT 

Fig.  2 

Figure  2.  High  latitude  development  of  F'Uyer  uregulari* 
ties  accordug  to  the  model  of  Rodgen  and  Aarora.  Dur* 
mg  the  initial  injection  phase  of  the  magnetic  atorm,  the 
electric  field  penetrates  to  lower  latitudea.  However,  with 
the  end  of  the  magnetic  storm,  the  ring  current  decide, 
producing  the  conditions  for  irregularity  development  at 
sub^auroral  latitudes. 


During  the  recovery  phMC  of  the  magnetic 
storm  (Day  2  and  at  tiroes  Day  3),  the  ef¬ 
fect  of  the  de^^y  of  ring  current  ions  on  the 
sub-auroral  re^oo  is  such  that  irregularities 
of  low  intensities  are  formed  without  auro¬ 
ral  or  magnetic  activity.  The  appearcnce  of 
intense  F-layer  irregularities  at  sub-auroral 
latitudes  over  several  days  in  the  recovery 
phase  of  magnetic  storms  is  in  a  complex 
manner  correlated  with  the  level  and  re¬ 
covery  pattern  of  Dst,  the  measure  of  ring 
current  energy  density  (Rodger  and  Aarons 
1988,  Aarons  and  Rodger,  1989). 
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We  shall  illustrate  (1)  the  time  lapw  of  the  descent  during  both  night  and  day  (2)  the  weaken¬ 
ing  and  (3)  the  failure  to  find  a  witude  where  the  irregularity  intensity  (an  irregularity  trough) 
decix»ses  during  the  this  early  period  of  magnetic  storm  devdopment. 

THE  DESCENT  AND  WEAKENING  OF  THE  HIREGULAIUTY  GENERATING  SOURCE 

MARCH  13-15,1989 

The  great  manetic  storms  of  March  13-15, 1989  indicated  the  depth  of  penetration  and  weak¬ 
ening  of  the  electric  field  in  an  equatocward  motion.  In  Figure  3a,  scintillation  data  fix>m 
Hanscom  Field,  MA  (52A'  CGL)  and  from  Ram^  AFB,  Puerto  Rico  with  an  ionospheric  prop¬ 
agation  intersection  of  1?*  Geographic  and  30.5*  CGL  are  plotted.  longitudes  of  the  two  inter¬ 
sections  differ  by  2*. 

As  shown  in  Figure  3a,  the  Hanscom  Field  observations  at  250  MHz  show  very  high  levels  on 
March  13  and  Match  14  and  lower  levels  on  March  15.  The  Ramey  AFB  data  at  137  MHz  show 
high  levels  for  the  first  two  days  but  fail  to  show  scintillations  on  March  15. 


MARCH  13  MARCH  14  MARCH  15,  1989 


RAMEY  Ar-B  PUERTO  RICO 


DESCENT  AND  WEAKENING 

Fig.  3a 


Figure  3.a.  ScintilUtion  activity  for  data  taken  from  the  Doeton  area  and  from  Puerto  Rico 
during  the  great  magnetic  etorme  of  March  13-16.  1982. 

For  the  night  of  March  13-14,  the  time  when  intense  irregularities  are  first  noted  from  the 
Boston  area  is  approximately  2040  UT;  the  time  when  intense  irregularities  develop  on  the 
Puerto  Rico  path  is  2315  UT.  On  the  ni|^t  of  March  13-14,  scintillation  levels  at  244  MHz 
reached  19  dB  peak  to  peak  for  the  path  from  Hamscom  AFB.  For  the  lower  latitude,  path  lev¬ 
els  were  much  lower  at  a  lower  frequency,  teaching  9  dB  except  for  a  short  burst. 

The  timing  of  the  descent,  i.e.  essentially  2  hours  35  minutes  to  move  22*  of  latitude  and  the 
weakening  as  shown  by  the  low  levels  on  the  Puerto  Rico  path  on  March  13-14  are  indicative  of 
the  way  tw  dynamic  development  takes  place  during  the  initial  phases  of  the  magnetic  storm. 
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At  Millstone  Hill,  MA,  sU  sky  observ&tions  of  6300  A  sturorii  and  SAR.  arcs  2ire  made  routinely 
Iw  the  Boston  University  Mobile  Ionospheric  Observatoiy.  For  the  night  of  March  13-14,  when 
observations  were  allow^le  throu^  clouds,  saturated  aurora  were  observed  &om  30*-  to  55*  Ge¬ 
ographic  North.  In  Figure  3b,  we  nave  plotted  the  meridional  component  of  the  all  sky  optical 
data  for  the  next  night,  March  15.  The  meridional  scruis  s^w  continuous  high  levels  from  01 
to  0510  UT  with  a  h^  level  isoUted  patch  noted  from  0535  to  0550.  On  the  Hanscom  Field 
scintillation  data  in  »gute  3a,  high  levels  can  also  be  noted  in  these  time  periods.  The  Ramey 
A’^B  data  for  March  IS  do  not  show  any  scmtillation  activity.  The  electric  field  on  this  day  did 
not  penetrate  to  this  latitude.  Fbr  this  night,  irregularities  and  aurora  reached  (and  passed)  53* 
CGL  but  failed  to  reach  the  30.5*  CGL  intersection  of  Ramey  AFB. 


6300A  MERIDIONAL  INTENSITIES 
MARCH  15,  1989 
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Fig.  3b 

Figurs  3.b.  Meridional  acan  of  6300  A  auroral  emiiaioiu  taken  by  the  Boston  Univeraity 
Mobile  lonoapberie  Observatory  at  Millstone  Hill,  MA.  on  March  15, 1969 


SEPTEMBER  19-20, 1984 

With  observations  from  Millstone  Hill  Incoboent 
Scatter  Radar,  the  electric  field  was  determined 
from  convection  patterns  for  September  19-20, 
1984  (Figure  4  from  Fbster  and  Aarons,  1988).  In 
this  illustration,  a  weak  storm  occurring  during 
morning  hours  showed  penetration  equatorward 
and  weakening  of  the  dectric  field  as  the  field 
moves  to  lower  latititudes.  Using  the  same  satel¬ 
lite,  GOES  2,  transmitting  at  137  MHz,  peak 
to  peak  sdntiUation  levels  reached  16  dB  on  the 
path  through  61*  CGL  but  only  2.5  dB  through 
53*.  In  admtion,  a  time  difference  develops  be¬ 
tween  the  onset  of  irregularities  at  60*  and  at  53* 
CGL,  a  difiference  of  at  least  45  minutes  for  the 
7*  geogrr^ibic  latitude  difference. 

Thus  we  have  an  equatorward  motion  of  the 
source  that  is  weakened  in  its  effect  as  it  moves 
away  from  the  auroral  refpon. 
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SEPTEMBER  19,  1984 

Fig.  4 

Figure  4.  Obeervutiooe  of  convectioo  uid  sciniUlutioa  for  the  D*t  excumoo  und  electric 
field  cbtagee  of  September  19-20,  1904.  The  electric  field  penetrition  Uket  pltce  later  at 
the  lower  l^tude  of  S3*  CGL  than  at  61*  CGL.  Ic  addition,  the  effects  are  considerably 
weahsaed. 


2.  THE  EQUATORIAL  REGION:  MORPHOLOGY  AND  DYNAMICS 

a.  Morphology 

Solar  flux  has  a  first  order  effect  on  equatorial  irr«plaiities.  With  high  solar  flux  the  plume  re¬ 
gions  show  mater  intensity  and  neater  hddt.  With  hi^  solar  flux,  the  anomaly  lepons  at 
the  edges  of  the  equatorial  zone  wow  tuj|h  dectron  denaties  at  sunset  hours  before  irregulari¬ 
ties  appear  and  these  high  electron  denaties  continue  after  sunset.  When  irregularities  appear 
in  the  anomaly  region  intense  microwave  scintillations  are  observed  during  the  pre-midnight 
time  period.  During  years  of  tow  solar  flux,  the  anomaly  repon  faib  to  show  such  levels.  Stud¬ 
ies  with  synchronous  satellites  and  with  optical  observations  have  allowed  the  morphology  and 
nature  of  the  irregularities  in  this  repon  to  be  clearly  catalogued  (Su.  Basu  et  al,  1988).  An¬ 
other  'forcing  function’  to  be  noted  is  the  importance  of  the  month  of  the  year  at  various  lonp- 
tudes  with  a  lowering  of  irreg^arity  occurrence  and  intensity  during  December  and  January  in 
the  Pacific  sector  and  a  lowering  of  these  levels  in  June  in  the  0  -  75*  West  sector. 

b.  Dynamics 

The  data  on  the  correlation  of  the  magnetic  activity  and  equatorial  irregularities  has  been  sup¬ 
plemented  recently  by  research  on  individual  storms.  Among  these,  Dabas,  et  al,  1988,  con¬ 
cluded  that  suppresnon  of  irregularities  occurs  if  the  recovery  phase  started  during  loi^  day¬ 
time  hours.  On  the  night  that  follows,  scintillation  and  spreM  F  were  suppressed  completely  or 
partially.  Their  conclurion  about  'partially*  may  come  about  because  it  is  difiicult  to  identify 
irregularities  coming  Rom  the  west  and  devdoping  under  different  circumstances.  They  used 
52  events  at  Limping  (Magnetic  or  Dip  Latitude  m  intersection  14 1*).  The  difficulty  with  this 
analysis  is  that  Lunping  is  in  the  equatorial  anomaly  tepon  and  the  absence  of  irregularities 
can  be  due  to  two  poe^ilities  (1)  only  a  thiu  layer  of  irre^arities  was  formed  at  the  equator 
and  therefore  the  height  of  thu  plume  did  not  reach  the  altitudes  necessary  to  produce  irreg¬ 
ularities  on  the  field  line  throufdi  which  Lunping  malces  the  observations  or  (2)  the  absence  of 
irregularities. 

In  the  case  of  equatorial  F-layer  irregularities,  several  studies  have  shown  correlation  with  the 
phase  of  the  storm  in  the  equatorial  rejpon  (DasGupta  et  al,  1985).  We  shall  focus  on  the  pat¬ 
tern  of  the  effects  of  the  phases  of  the  magnetic  storms  coupled  with  the  local  time  when  the 
ring  current  parameter,  Dst,  is  maximum. 

The  concept  that  is  being  developed  is  as  follows:  if  the  maximum  level  of  the  ring  current  en- 
erw,  as  shown  by  the  value  of  Dst,  is  reached  in  the  early  afternoon,  then  the  F-layer  hei^t 
will  be  affected.  The  reduction  of  the  normal  height  dming  months  when  irregularity  activity  is 
noted  almost  every  night,  essentially  inhibits  irrepilarity  activity  during  the  night.  If  the  max¬ 
imum  Dst  level  occurs  in  the  midnight  to  post-imdnight  time  period  then  the  layer  height  will 
fall  and  irregularities  will  be  produced.  It  should  be  noted  that  these  concepts  follow  from  early 
work  in  spread  F  and  scintillation  data.  The  difference  is  the  use  of  the  Dst  maximum  as  the 
keynote  in  the  effect  and  in  careful  use  of  the  local  time. 

c.  DECEMBER  20, 1980  MAGNETIC  STORM 

An  illustration  of  the  effects  of  the  ring  current  can  be  shown  by  using  our  own  and  published 
observations  of  irregularities  in  the  eqimtorial  region  for  the  manetic  storm  of  December  19- 
20,  1980.  This  is  shown  in  Figure  S.  The  two  top  panels  show  Kp  for  the  period  and  Dst.  The 
data  set  illustrates  the  inhibition  of  irregularities  when  the  maximum  Dst  is  in  the  noon  to  af¬ 
ternoon  time  period,  the  increase  in  im^ularity  activity  when  the  maximum  Dst  excursion  is  in 
the  midnight  to  post-midnight  time  period  and  the  absence  of  an  effect  on  irregularities  when 
the  Dst  maximum  excursion  occurs  after  sunset. 
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DEC.  18  -  DEC.  21, 1980 
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Fig.  5 


Kp  (P&nel  1)  shows  activity  started  at  03-06 
UT  on  Pecember  19, 1980  when  Kp  reached 
6.  Dst  went  positive  teaching  a  value  of  -HO 
nT  at  05  UT  and  then  gcnng  to  +12  nT  at 
1200  UT.  However  Dst  reaped  its  maxi¬ 
mum  value  of  -240  nT  from  1800-1900  UT. 
Thus  there  is  separation  of  the  two  indices 
Kp  and  Dst.  For  this  example,  the  injec¬ 
tion  and  recovery  stages  are  clearly  outlined 
with  little  magnetic  or  ring  current  activity 
before  or  after  the  storm. 

The  effect  on  the  F-layer  irregularities  is 
shown  by  noting  the  Local  Standard  Time 
of  maximum  ring  current  energy.  Data  from 
Huancayo,  Peru  (Panel  5)  indicate  that 
during  the  magnetically  quiet  and  low  Dst 
night  of  December  18-19  scintillations  were 
present.  On  December  1 9,  the  maximum 
Dst  for  this  longitude  occurred  at  1300  LST 
and  stayed  greater  than  -200  nT  until  1700 
UST.  The  excursion,  therefore,  was  enough 
to  inhibit  the  development  of  scintillation 
that  night.  This  serves  as  an  illustration 
of  the  inhibition  of  irregularities  when  the 
maximum  Dst  occurs  in  the  pre-sunset  time 
period. 

FVom  data  published  in  Dabas  et  aJ,  1988, 
for  Bangalore,  India  at  3*  from  the  magnetic 
equator,  scintillations  started  at  the  post¬ 
sunset  time  of  1800  Local  Time  about  the 
same  time  that  Dst  began  to  increase.  Ring 
current  maximum  was  at  2300  LT.  There 
was  tio  effect  of  the  excursion  of  Dst  since 
the  high  v^ues  of  Dst  occurred  after  the 
start  of  scintillation  activity,  This  is  an  il¬ 
lustration  of  the  absence  of  effects  when  Dst 
maximum  is  reached  after  sunset.  It  should 
be  noted  that  the  Kp  changes  occurring  in 
local  morning  and  before  and  during  the 
sunset  time  period  had  little  effect. 


the  equstoris:  anomaly,  the  maximum  exeuision  was  in  the 
poet-midni|ht  time  periodi  lemtillationt  were  observed.  At 
Huancayo  where  the  maximum  exeureion  was  in  the  early  af¬ 
ternoon.  irregularities  were  inhibited.  Bangalore  data  tahen 
from  Dabu  et  al  (1988),  and  tunping  data  tahen  from  Huang 
and  Chen(I980).  * 

intrr5^!iL'“o‘^L‘’MLlUtt"^i9‘^ffS'^’  wHh  the  ionospheric 
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Huancayo  data  shows  inhibition,  the  Bangalore  observations  with  maximum 
p08t*8Un8«t  failed  to  show  ho  effect  rn  inWilUntv  _ I  al-_  T _ 


maximum  Dst  occurs  in  the  nUanight  to  j^SBt-midnfght  time  period.  ^  ^ 

one  hypothesis  for  the  inliibition  of  irregularities  on  equato- 
‘i!'  fo--  ‘be  absence  of  i^Si^ dS 

in^^^l«tri^fi^.^  foe«b*«d.effecte  produced  by  neutral  winds  or  bfsubtle  pattenf 
wTuoTgi^reter  ^  ^  P"‘>cular  region  produce  conditions  under  which  irregularities 


2.  THE  MAGNETIC  STORMS  OF  MARCH  4-9, 1981 

The  complexities  of  uang  ring  current  and  Kp  levels  to  forecast  observations  are  shown  in  the 
data  for  the  period  from  Mai^  4-9.  A  great  mimetic  storm  took  place  on  Mardi  5, 1981  with 
Kp  reaching  7+  in  the  time  period  lSOO-1800  UT.  Dst  reached  -215  nT  at  1700  UT. 

Huancayo  Data 

Before  the  storm  took  place  on  the  nights  of  March  3-4  and  March  4-5  scintillation  activ¬ 
ity  showed  its  normal  equinox  pattern  as  illustrated  in  Figure  6.  The  large  excursion  of  - 
215  nT  took  place  at  1^  LST  on  March  5,  decreasing  to  -173  nT  at  1600  LST  on  March  5. 
These  pre-sunset  levels  meant  that  the  effect  on  the  electric  field  at  the  equator  was  to  inhibit 
the  normal  rise  in  height  of  the  F-2  layer.  Scintillations  were  not  observed  on  the  Huancayo 
MARISAT  propagation  path  on  the  night  of  March  5-6. 

Decay  was  slow  reaching  -99  nT  at  0700  LST  on  March  6.  Another  storm  took  place  on  March 
7  with  Kp  maxima  at  1000-1600  LST  and  a  further  excursion  in  Dst  of  -90  nT  at  1200  LST 
on  March  7th.  This  level  produced  the  same  effect  as  the  earlier  inhibition  of  irregularities;  no 
scintillations  were  noted  on  the  night  of  March  7-8th. 

Manila  Data 

The  data  from  Manila  for  March  5-6  with  a  difference  in  time  of  13  hours  relative  to  Huancayo 
indicates  the  effect  of  increased  Dst  during  the  midni^t-post  midnight  time  period.  The  night 
of  March  4  with  relatively  quiet  conditions  showed  scintillation  activity  beginning  at  2000  LST. 
The  next  ni^t  on  March  5  with  the  magnetic  storm  in  progras  showed  inhibition  of  post-  sun¬ 
set  scintillations  but  very  high  leveb  of  scintillations  in  the  time  period  after  midnight. 

Dst  for  the  storm  on  March  7th  (with  an  excursion  of  -90  nT  )  peaked  at  1700  UT  (01  LST) 
for  Manila.  However  there  was  no  post-midnight  increase  in  scintillation  activity.  It  should  be 
noted  however  that  the  Dst  levels  for  this  period  were  high  throughout  March  7th  and  March 
8th  ranmg  from  a  low  of  -40  nT  to  many  values  in  the  608  and  80s.  Kp  values  for  the  1700 
LST  to  M  lST  for  the  UT  day  of  March  7  ranged  from  4  to  5. 

On  Marcli  8th  scintillations  were  inhibited  with  a  slow  decay  and  an  injection  around  sunset  on 
March  8th  for  the  Manila  longitude. 

Summary; 

The  Huancayo  data  showed  inhibition  with  pre-sunset  maximum  excursions  in  two  cases.  The 
Manila  data  showed  an  increase  in  level  in  the  post-midnight  time  period  on  March  5th.  With 
large  excursions  thro^h  the  period,  the  March  7  excursion  in  Dst  failed  to  show  increased 
post-sunset  activity.  The  complexity  of  behavior  during  periods  of  injection  and  recovery  made 
this  one  time  period  for  this  location  difficult  to  categorize. 


MARCH  4 -9, 1981 


HUANCAYO,  MARISAT 

30  T - 


Uimersdl  Time 


MARCHS  MARCHS  MARCHS  MARCH  7  MARCHS  MARCHS 

Fig.  6 

Figure  6.  Mvcb  1961  For  ttu»  nugnetic  etorm,  Huuc^gro  ebowed  iahtbiiiOD  irregulviUe* 
OD  the  nii^t  of  Much  $>6  with  maximum  DST  excumoo  at  1500  LST  while  ManiU  with 
mucimum  Det  excureioQ  u>  the  poet-nudtugbt  time  period  showed  iacreased  activity. 
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DISCUSSION 

1.  AURORAL  EUBCTRIC  FIELD  PENETRATION 

The  effect  during  the  injection  phase  of  a  magnetic  storm  insofar  as  the 
sub-auroral  latitudes  are  concerned  is  proposed  to  be  the  prompt  electric  field 
penetration  to  sub-auroral  latitudes  due  to  the  motion  of  the  equatorward  edge 
of  the  auroral  sone  electric  fields..  On  September  19-20,  1984  (Figure  4)  south 
of  Millstone  Hill,  a  strong  southmard  component  of  the  F  region  neutral  wind  was 
observed  and  convection  reversal  was  noted..  This  followed  the  model  of  Spiro  et 
al  (1988)  who  found  storm  enhanced  neutral  winds  at  latitudes  equatorward  of  the 
shielding  layer  before  the  shielding  layer  was  set  up  (Fejer  et  al,  1989,  Foster 
and  Aarons ,  1988) .  Thus  one  expects  the  increase  of  irregularities  at  these 
latitudes  during  the  initial  phases  of  a  magnetic  storm  with  the  irregularities 
appearing  within  hours  of  their  appearance  at  auroral  latitudes.  Blanc  et  al 
(1983)  after  studying  several  events  concluded  that  large  southward  values  of  Bz 
and  large  values  of  the  rate  of  energy  injection  into  the  ring  current  were 
associated  with  the  extension  of  magnetospheric  convection  electric  fields  to 
mid- latitudes. 

As  for  the  actual  generation  of  conditions  for  the  creation  of  auroral 
irregularities  there  have  been  several  mechanisms  which  have  been  validated.  For 
auroral  latitudes,  phenomena  correlated  with  irregularities  include 
precipitation  (Basu  et  al,  1983),  shear  effects  (Basu  et  al,  1984),  convection 
of  plasma  containing  irregularities  (Weber  et  al  1986;  Basu  et  al,  1988)  as  well 
as  other  factors  in  instability  processes  (Hudson  and  Kelley,  1976).  For  both 
auroral  and  sub-auroral  latitudes  recent  studies,  in  progress,  indicate  that 
irregularity  intensity  increases  when  high  ion  convection  is  observed  on 
incoherent  scatter  radars. 

2,  SUB-AURORAL  LATITUDES 

With  the  storm  recovery  in  those  cases  when  magnetic  activity  dwindles  to  low 
levels,  sub-auroral  irregularities  can  be  shown  to  be  relatively  high  and  are 
correlated  with  Dst  (Aarons  and  Rodger,  1988) .  These  data  suggest  that  the 
sub-auroral  irregularities  observed  in  the  recovery  phase  of  magnetic  storms  are 
the  result  of  energy  stored  In  the  ring  current  which  is  then  slowly  released. 

The  mechanism  suggested  lor  the  generation  of  BAR  arcs  which  are  closely 
correlated  with  the  occurrence  of  sub-auroral  irregularities  involve  ring 
current  ions.  Charge  exchange,  heat  transfer  to  electrons  or  Coulomb  collisions 
from  low  energy  (<  20  kev)  heavy  ions  (oxygen,  nitrogen,  helium)  have  been 
discussed  by  Kosyra  et  al,  1987. 

The  effects  of  the  ring  current  are  difficult  to  assess.  In  part  this  is  due  to 
the  asymmetry  of  the  ring  current.  In  addition,  the  composition  changes  from 
storm  to  storm.  During  both  great  uid  lesser  magnetic  storms,  the  proton  flux 
increases.  However,  protons  do  not  increase  as  much  as  0+  and  N+  (Lui  et  al, 

1987) .  Thus  the  interaction  of  ring  current  ions  with  the  ionosphere  in  the 
charge  exchange  process  is  rather  difficult  to  assess.  The  asymmetry,  the  ion 
composition,  and  the  energy  of  the  ions  make  the  process  of  interaction 
difficult  to  evaluate  for  any  particular  storm.  While  the  ring  current  appears 
to  be  the  source  of  much  of  the  sub-auroral  F  layer  irregularities,  the  Dst 
measure  may  not  reflect  in  detail  the  development  of  those  parameters  of 
importance  to  irregularity  generation.  The  Dst  measure  in  the  February  6-9,  1986 
storm  was  well  correlated  with  the  inner  ring  current  energy  density  from  storm 
maximum  well  into  recovery  but  the  correlation  was  not  good  during  the  long 
developing  main  phase  of  this  storm  (Hamilton  et  al,  1988). 
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3.  EQUATORIAL  LATITUDES 

The  predominant  flow  in  the  ever  present  ring  current  is  mestmard,  mhich  is 
responsible  for  the  depression  in  horizontal  intensity.  Equatorial  eastward 
electric  fields  produce  an  upward  rertical  drift  during  the  day.  Increased 
excursion  (an  increasing  westward  current  in  the  ring  current)  decreases  the 
eastward  electric  field  before  sunset  which  has  produ.  ed  the  rising  of  the 
F-layer . 

After  midnight,  the  sudden  and  large  increase  of  ring  current  produces  an 
immediate  rise  of  the  F-layer  in  the  midnight  to  post-midnight  time  period.  The 
layer  height  then  falls  and  irregularities  are  generated.. 

Rastogi  and  Aarons  (1080)  hare  observed  that  a  reversal  of  the  vertical  drift 
to  the  upward  direction  during  the  night  is  followed  by  strong  VHF 
scintillations  near  the  magnetic  equator.  This  had  been  noted  earlier  on  spread 
F  data.  In  a  paper  with  many  cases  of  storms  individually  analyzed,  DasGupta  et 
al  (1086)  reported  that  post-midnight  VHF  scintillations  are  related  to  the  a 
aximum  negative  excursion  of  the  horizontal  intensity  of  the  magnetic  field 
occurring  in  the  0000-0600  local  time  interval  whereas  no  such  relation  is 
observed  with  the  pre-midnight  excursions. 

CONaUSIONS 

For  the  high  latitudes  the  developing  electric  field  is  first  observed  at 
auroral  latitudes  then  descends  to  lower  latitudes  and  weakens.  The 
irregularities  developed  during  this  period  have  been  observed  in 
this  set  of  measurements  as  far  south  as  30.6  CGL  during  some  great  magnetic 
storms . 

In  the  recovery  part  of  the  storm,  the  ring  current  ions  decay.  The  effect 
of  the  ions  on  the  ionosphere  is  to  produce  irregularities  at  plasmapause 
latitudes.  During  the  recovery  phase,  when  irregularities  at  the  auroral 
latitude  oecome  weak  both  in  strength  and  duration,  irregularities  in  the 
sub-auroral  latitudes  are  found  to  be  of  the  intensity  noted  during  the 
injection  phase  of  the  storm.  These  irregularities  while  relatively  intense 
for  these  latitudes  are  still  much  less  intense  than  the  injection  phase 
auroral  levels. 

In  the  equatorial  region,  the  maximum  level  of  the  ring  current,  the  time  just 
before  recovery  sets  in,  appears  to  be  the  most  relevant  time  for  the 
inhibition  or  generation  of  irregularities.  If  the  maximum  is  reached  before 
sunset,  the  ring  current  has  the  effect  of  decreasing  the  altitude  of  the 
F-layer  which  in  turn  inhibits  the  generation  of  irregularities.  If  the  maximum 
level  of  ring  current  occurs  after  sunset  but  before  midnight,  there  is  no 
inhibition  of  irregularities..  If  the  maximum  Dst  level  Is  reached  in  the 
midnight  to  post-midnight  time  period,  then  the  F-layer  rises,  quickly  falls 
and  irregularities  are  generated. 

Data  and  analyses  are  at  hand  to  forecast  the  morphology  and  dynamics  of  global 
F-layer  irregularities.  For  the  intense  irregularities  at  auroral  and  sub- 
auroral  latitudes,  the  forcing  parameters  are  the  form,  level,  and  development 
of  the  magnetic  storm.  For  the  equatorial  latitudes  the  ring  currents  peak 
tixcursion  has  differing  effects  as  a  function  of  local  time.. 

During  any  year  we  have  thousands  of  users  of  the  transmissions  for  the 
satellites  in  the  260  Iffiz  range.  The  effect  of  amplitude  fluctuations  can  be 
minimized  with  diversity  methods  used  during  magnetic  storms;  it  is  up  to  the 
user  community  to  demand  attention  to  this  problem. 
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DISCUSSION 


C.  GOUTELARD,  FR 

Pouvez-vous  commenter  I’extension  des  perturbations  aurorales  vers  les 
zones  temp6r6es  et  leur  correlation  avec  Kp  comme  cela  a  et6  etabli  dans  les 
zones  subaurorales. 

Quelle  est  votre  opinion  sur  les  modules  de  perturbations  equatoriales  au 
voisinage  du  terminateur  (cf.  Hanuise). 

Pouvez-vous  suggerer  des  modules  plus  precis  ? 

AUTHOR’S  REPLY 

In  niy  new  work  I  have  found  that  the  parameter  Dst  fits  the  equatorial  data 
better  than  Kp.  The  ring  current  which  lasts  longer  than  the  initiating 
magnetic  activity  plays  a  role  in  the  night  electric  field  even  after  Kp  has 
decreased.  I  believe  we  are  searching  for  a  model  of  F  layer  electron  density 
height  and  height  changes  which  could  be  linked  to  the  generation  and 
inhibiting  of  equatorial  patches  and  plumes. 


Optimum  space,  tune  and  frequency  sampling  of  the  ionosphere 
with  advanced  digital  ionosondes 
Adolf  K.  Paul  <iid  David  B.  Sailors 
Ocean  and  Atmospheric  F'  I  Division 
Naval  Ocean  Systems  Center,  San  Diego,  CA  92152-5000 


Introduction 

Real  time  knowledge  of  the  state  of  the 
ionosphere  is  a  prerequisite  for  optimum 
usage  of  the  ionospnere  as  an  HF  pro{^ation 
medium.  All  properties  of  the  ionosphere,  such 
as  absoiption  and  refraction  change  with 
location,  nme  and  frequency.  Cons^uentiy  it  is 
desirable  to  update  the  description  of  the 
ionosphere  frequently,  at  many  locations  and  in 
small  frequency  increments  while,  at  the  same 
time,  keeping  interference  of  the  probing  sounder 
to  a  minimum.  The  optimum  compromise  of 
course  is  dictated  by  structure  scales  of  the 
medium. 

Ionosondes  were  always  an  important  tool  for 
the  observation  of  the  ionosphere.  The 
traditional  analog  instruments  were  only 
capable  of  measurmg  the  travel  time  or  virmai 
height  as  a  function  of  frequency  with  limits 
accuracy.  Sometimes,  with  special  effort, 
estimates  of  the  ionospheric  absoiption  at  a  few 
frequencies  could  be  obtained. 

Advanced  digital  ionosondes  are  now  capable 
of  recording  additional  information,  such  as  the 
radio  phase  and  the  amplitude  of  each  echo.  If 
the  echoes  are  records  at  several  receiving 
imtennas,  the  change  of  phase  with  antenna 
location  permits  a  highly  accurate  estimate  of  the 
angle  of  arrival  or  the  apparent  location  of  the 
reflection  point.  Repeating  the  transmission  of 
a  given  ^uency  a  short  time  later  yields  the 
Doppler  frequency  as  a  function  of  the  radio 
frequenCT  (  and  of  the  height,  after  profile 
computation).  The  change  of  the  phase  over  a 
^au^e^uencjj^tep  givS  improved  accuracy  of 

Ttie  recording  time  for  an  ionogram  including 
the  type  of  information  mentioned  above  can  be 
SB  short  as  20  seconds.  Und^r  computer  control 
the  antenna,  frequency  switching  can  take  place  in 
any  random  s^uence. 

At  a  given  lonosonde  location  and  for  a  given 
measure^ment  accuracy  of  the  ^tem  the 
meciskra  of  the  ionospheric  mformation 
obtamable  depends  then  on  the  distances 
between  receiving  antennas,  the  time  interval 
Ktween  repetitions  of  sounding  at  the  same 
frequency,  the  number  of  fi^uencies  per 
ionogram  and  the  time  interral  between 
consecutive  sonograms.  Any  operational 
(ffocedure  has  to  take  precaution  to  avoid 
undersampling  of  nonmonotonic  phenomena. 

Scale  sizes  of  ionospheric  variability 
andstrudure 

Ionospheric  variations  usually  take  place  in 
niore  than  one  .dimensioa  At  sunrise  the  rapid 
mciease  of  the  mtensity  of  the  ionizing  radiation 
m  time  causes  a  strong  horizontal  grament  of  the 
electron  density  perpendicular  to  the  daylight 
bounda^  a&  the  earth  rotates  around  its  axis. 

IS  a  tym&u  example  where  the  temporal  variation 
IS  es^  t^rvable  at  a  given  location  and  the 
spatial  scale  is  deduced  from  the  temporal  sc& 
mw  a  known  veioay,  in  this  case  the  rotational 
veksciy  (X  the.eartn.  As  an  example,  %ue  1 
shim  tm  maximum  electron  denuty  of  the  F- 
rMMn  derived,  from  the  penetration  frequency 
foF2  as,  a  function  of  tune.  Tlie  electron  density  is 
approximately  constant  for  the  first  five  hours  of 


the  day,  then  increases  rapidly  in  a  linear  fashion 
for  almost  four  hours  during  the  sunrise  period 
before  levelling  off  for  the  noon  hours.  At  the 
latitude  of  Brighton  (40  degrees  N)  the  4  hour 
temporal  scale  size  corresponds  to  a  horizontal 
east-west  scale  size  of  5000  km. 

Also  visible  in  figure  1  is  a  small  sinusoidal 
variation  between  lOOO  and  1300  hours  with  a 
period  of  about  2.5  hours.  This  is  most  likely  due 
to,  an  acoustic  maviw  wave,  which  may  propagate 
with  a  speed  <m  500  to  800  km/h,  resulting  to  a 
rorresponding  wavelength  of  1200  to  2000  Km.  In 
this  case  the  direction  of  propagation  is  not 
Imown,  since  the  ionosonde  can  onW  determine 
the  orientation  of  the  wave  front,  which  may  or 
may  not  coincide  with  the  propagation  direction. 

Most  of  the  acoustic  gravity  waves  observed  in 
the  midlatitude  ionospnere  nave  much  shorter 
periods.  A  more  typical  behavior  is  demonstrate 
in  .figure  2  which  shows  strong  variations  of  the 
height  of  the  F-region  maximum,  hmF2,  with 
periods  of  approximatety  20  minutes.  With  similar 

Bation  velocities  as  mentioned  above  the 
d  270^f  range  between  170 

.  A  different  type  of  short  term  variation  is  visible 
m  figure  3.  Beginning  at  0300  hours  we  see  a  fast 
increase  of  the  neight  of  the  F-layer  maximum  by 
appro^mately  lOOTon  over  a  period  of  one  hour 
and  then  a  rapid  decrease  Iw  200  km  over  a  2 
hour  penod.  Between  0300  and  0500  hours 
(before  sunrise),  when  the  height  of  maximum 
goes  OTough  half  a  cyle  of  its  variation,  there  is 
yeiy  httle  change  oT  the  maximum  electron 
density.  The  continuation  of  the  decrease, 
however,  is  then  coupled  with  the  sunrise  increase 
of  the  electron  density  in  the  F-region.  This  up 
and  down  movement  of  the  F-layer  with  a  vertical 
scale  size  of  approximately,  100  km  appears 
frequently,  but  not  always,  immediatety  before 
sunrise.  Based  on  the  time  of  the  appearence  of 
this  effect  one  could  translate  its  duration,  using 
again  the  rotational  velocity  of  the  earth,  into  a 
horizontal  east-west  spatial  scale  and  a 
corresponding  gradient.  Angle  of  arrival 
measurements  tmcen  ^t  90%  of  foF2,  however 
show  that  this  assumption  is  wrong.  Zenith  angles 
of  8  degrees  and  more  are  observed  with 
apparent  leflet^n  points  south  of  the 
observation  site  between  0300  and  0430  hours. 
This  indicates  the  presence  of  a  strong  north- 
south  gradient  and  a  rather  complex  structure  for 
thephenomenon. 

The  upppr  part  of  figure  4  gives  an  example  of 
the  varution  of  the  apparent  reflection  point 
observed  at  a  fixed  frequency  of  9.1108  Mnz  in 
the  extraordinary  mode  Tor  a  time  interval  of  19.6 
seconds.  The  trace  begins  at  the  coordinates 
(4.0,-10.0),  moves  then  toward  south  easuetums 
almost  on  the  same  tradqchanges  direction 
toward  south-west,  completes  a  loqa  moves 
toward  west  and  finalty  toward  south.  The  initial 
stage,  Le.  the  back  and  forth  movement  of  the 
apparent  reflection  pomt  represents  an 
oscillation  with  a  period  of  about  7  seconcfr. 
Contrary  to  the  previous  examples  given  above, 
there  are  reasons  to  believe  that  the  variation  of 
the  ai^ent  reflection  position  is  not  a  change  of 
the  onentation  of  the  reflection  a^  but  the 
result  of  variadons  of  small  scale  irregularities 
affecting  the  phase  paths  of  the  echoes  to  the  four 
receivers  in  sligntly  different  ways.  This 
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explanation  is  supported  by  the  appearence  of 
weak  spread-F  on  the  ionogram  wown  in  the 
bottom  part  of  figure  4,  which  was  taken 
immediately  after  the  fixed  frequency  recording. 
If  this  interpretation  is  correct  the  motion  of  the 
apparent  reflection  point  will  depend  (among 
other  factiots)  on  the  horizontal  scale  of  the 
irregularities  relative  to  the  distances  between  the 
receiving  antennas.  Vaiying  those  distances  in 
future  eiperiments  could  provide  a  test  on  this 
hypothesis. 

Contrary  to  horizontal  scale  sizes  which  are 
derived  with  some  known  or  assumed  velocities 
from  the  temporal  change  of  an  ionospheric 
quantity,  vertical  scale  sizes  can  be  ob^rved 
directly  with  a  single  ionosonde.  The  best  known 
parameter  is  the  naif-thickness  of  the  electron 
derisity  profile  of  a  layer  which  is  related  to  the 
scale  height  of  the  neutral  atmospheric  densi^. 
An  example  for  the  daytime  behavior  of  the  F- 
layer  half-thickness  is  given  in  figure  5.  As 
txpccled,  the  quantity  shows  variauons  within 
limits  of  10  to  15  %  which  are  clearly  due  to  the 
ever  present  acoustic  gravity  wavra.  The 
magnitude  of  such  variations  mainly  reflects  the 
deformation  of  the  layer  in  the  vicinity  of  its 
maximum  and  should  not  be  inteipreted  as  a 
measure  for  contraction  and  qpansion,  since  in 
most  cases  much  smaller  relative  changes  of  the 
maximum  electron  density  are  observed. 

A  different  vertical  scale  size  can  be  defined 
based  on  the  height  dependance  often  found  in 
Doppler  data  as  in  figure  6.  The  Doppler 
frequency  as  a  function  of  the  radio  frequency 
near  the  maximum  of  the  F-layer  for  the 
extraordinaiy  mode  was  derived  from  the  change 
of  the  radio  phase  with  time  for  three  consecutive 
ionograms  recorded  in  3  minute  intervals.  At  1506 
hours  the  Doppler  frequency  is  negative  and 
nearly  constant  for  the  frequencies  shown  except 
for  the  very  highest  frequencies  near  penetration. 
In  the  next  ionogram  the  Doppler  frequenw 
varies  rapidly  from  approximate  -1.0  Hz  to  +0.6 
Hz.  Again  3  minutes  later  the  Doppler  frequency 
reaches  a  positive  value  of  abouf  i.l  Hz  and  is 
practically  constant  over  the  entire  range  shown. 
The  frequency  range  for  which  data  are  presented 
in  figure  6  corresponds  to  a  height  range  of  about 
32  km  according  to  the  profile  parameters 
computed.  This  means  that  m  the  F-region  the 
Do{mier  frequency  can  change  from  -l.u  Hz  to 
+ 1.1  Hz  over  a  height  range  of  about  32  km  at  a 
given  time  or,  during  a  time  interval  of  6  minutes, 
at  a  given  height. 

Effects  of  structure  and  variability  on  HF 
operations 


e.g.  at  high  latitudes  and  m  the  mghtside  of  the 
earth.  On  the  other  hand  the  enhanced  ionization 

Present  at  lower  heights  of  the  ionosphere  in  the 
ay  side  causes  a  reduction  of  the  si^al  strenght 
due  to  absorption  for  the  lower  frequencies  in  mis 
band.  This  means  that  no  continuous  operation  in 
the  HF/VHF  band  intended  for  long  distance 
propagabon  can  use  one  frequency  alT  the  time. 
For  example,  shortwave  broadcast  station  use  a 
wide  spread  set  of  frequencies  depending  on  the 
propagation  conditions. 

Medium  and  small  scale  structures  and  short 
term  temporal  variations,  superimposed  on  the 
larger  scales  generated  by  the  differences  between 
day  and  mght  and  the  latitude  dependence  of  the 
electron  density,  affect  the  propagation  conditions 
in  a  variety  of  ways.  If  the  propagation  distance  is 
of  the  order  of  the  horzontal  scale  or  longer, 
mulbpath  propagation  is  possible.  This  means 
that  two  or  more  ray  paths  exist  between 
transmitter  and  receiver.  Differences  of  travel 
times  and  phase  delays  between  the  different 
paths,  then  lead  to  signal  distortion.  In  this 
situabon,  but  also ,  if  the  distance  is  short 
compared  to  the  horizontal  scale,thepath  usually 
becomes  asymmetric  end  deviates  from 
propagation  in  a  vertical  plane  if  me  reflection 
area  is  tilted..  This  car  lean  to  large  errors  in  HF- 
direction  fmdmg.  /ji  asymmetric  path  or, 
equivalently,  a  mt  of  the  refining  area,  also 
means  a  reduction  of  the  maximum  usable 
frequency  over,  the  given  distance  and  a  given 
reflection  height  relative  to  symmetric 
propagation,  since  the  asymmetry  reduces  the 
effective  angle  of  incidence.  When  the  F-layer  is 
sfrongly  distorted,  i.e..whcn  the  orientation  of 
electron  density  gradient  changes  significantly 
over  the  height  interval  passed  by  a  ray,  the 
propagation  distance  (in  broadcasting)  ana  the 
maximum  usable  frequency  (point  to  point 
communication)  can  change  largely  either  way 
compared  wit.h  symmetric  conditions. 

Doppler  shifts  cai^  1^  temporal  changes  of 
the  ionosphere  can  interfer  with  over  the  horizon 
radpr  observations,  especially  if  they  change 
rapidly  with  height  (distance),  as  in  figured. 
Generally,  under  nighly  variable  conditions  as  in 

figure  5,  signals  of  any  wide  band  HF-systems  will 
be  strongw  distorted.  Since  veiy  often  the 
tempqral  cnange^  are  quasi  periodic,  errors  in 
HF-direction  fmdmg  ^an  be  reduced  by  averaging 
over  time,  if  the  durpbon  of  the  period  m  question 
can  be  estimated.  Similarly,  observations  of  quasi 
periodic  variations  at  one  locabon  could  predict 
tilts  ( for  error  correction)  at  some  other  location, 
if  the  direction  of  the  wave  propagabon  can  be 
determined. 


The  ionosphere  provides  a  natural  mechanism 
for  radio  waves  to  propagate  over  the  entire 
earth.  There  is  virtually  no  lower  frequency  limit 
and  extreme  low  frequencies  (ELF,  30  Hz  -  30 
kHz)  are  actually  used  in  special  communication 
systems.  Mosf  of  the  long  distance 
communication,  however,  takes  pl^  at  higher 
frequencies  in  the  HF/VHF  range.Its  ppper 
frequency  limit  is  determined  by  tlie  maximum 
electron  density  in  the  reflecting  area  and  the  ray 
direction  relatne  to  the  direction  of  the  electron 
densi^  gradient  (apgle  of  incidence).  Hie 
maximum  electron  density  at  a  given  location  is  a 
function  of  the  time  of  day,  season  and  solar 
activiw.  There  also  is  a  sfrong  dependence  on  the 
labtuw  modified  by  the  local  direction  of  the 
earth’s  magnetic  field.  The  angle  of  inddence  is 
mainly,  a  mnctxin  of  the  distance  between  the 
transmitter  and  receiver,  the  number  al  hops 
require  to  propagate  over  this  distance  and  toe 
reflection  height  The  bandwidth  for  ground  to 
ground  communication  provided  by  the 
ionosphere  is  therefore  variable.  Its  ui^ 
frequency  limit  can  be  as  high  as  50  MHz  m  the 
sunlit  part  of  the  earth,  but  often  is  much  lower. 


Sampling  of  ionospheric  parameters 

Figure  7  shows  an  amplibide  spectrum  of  the 
hdsmt  variabons  given  in  figure  2,  computed  with 
AFa  (Anharmonic  Frequency  Analysis.  Paul, 
1972).  The  data  were  collected  oyer  a  7  hour 
period  m  3  minute  intervals.  Besides  the  high 
amplibide  at  the  lowest  end  of  the  frequency 
scale,  reflecting  the  diurnal  variation  of  the 
height,  there  is  a  defimte  peak  at  0.05 
cycles/minute  corresponding  to  a  period  of  20 
minutes.  The  periods  at  the  mdf  amplitude  points 
of  this  peak  are  22.2  and  16.7  mmutes 
respective^.  The  amphtude  of  this  narrow  band 
oscillation  is  at^oximatefy  7  km  and  there  is  no 
doubt  that  such  a  large  variation  has  a  significant 
effect  on  ell  prqiagabon  aspects  of  ^  land 
mentioned  above.  Averaging  angle  of  arrival 
measurements  for  the  purpose  (ff  diredion 
nnding  over  a  tune  period  ol  20  minutes  will 
defimtefy  unprove  the  accuran  under  such 
conditKMis.  Small  secondaiy  peaks  at  0.02,  0.(E 
and  also  at  0.075  oteles  per  minute  may  (»  may 
not  be  significanL  The  amiriitude  (ff  the  spectrum 
decreases  aim  stays  low  for  frequencies  above  0.1 
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qrcles  per  minute. 

This  example,  which  is  typical  for  all  high 
temporal  resolution  sequences  available,  demanos 
a  minimum  sampling  rate  of  at  least  12  lonograms 
per  hour.corresTOnding  to  5  minute  time  intervals 
between  recordings,  assuming  that  no  significant 
spectral  contribution  are  to  be  found  at  periods 
snorter  than  10  minutes.  Slower  sampling  rates 
cause  aliasing  and  misinterpretation  of  the 
periodicities  and  other  properties  of  acoustic 
gravity  waves. 

Sampling  in  the  frequenity  domain  is  always 
coupled  with  sampling  m  the  height  domain.  For 
a  given  frequency  interval  the  resulting  height 
interval  can  be  small  e.g.  in  the  lower  portion  of 
the  F-layer,  or  relatively  large  near  the  maximum 
of  the  layer.  If  the  ionosphere  were  to  be  sampled 
in  equal  height  steps,  the  reflection  height  as  a 
function  of  freouency  would  haye  to  be  known 
first.  Besides  during  times  of  very  rapid  changes, 
this  could  be  accomplished  approximately 
assuming  continuity  of  the  true  height  profile  in 
time  and  extrapolating  from  the  previous 
ionogram.  Since  modern  ionosondes  are 
computer  controlled  and  have  a  very  high 
frequency  resolution,  such  procedures  could  be 
programed  into  the  system,  where  minimum 
interference  and/or  maximum  temporal 
resolution  are  essential.  The  resulting  frequency 
pattern  would  be  nonuniform  and  would  change 
continuously  with  time.  If  the  operation  of  an 
ionosonde  would  be  optimized  in  such  a  way  a 
height  resolution  of  10  Tcm  would  require  only  20 
-30  well  chosen  frequencies  and  an  ionogram 
containing  the  basic  information  coulcf  be 
recorded  in  a  few  seconds. 


On  the  other  hand  a  signal  with  a  given  radio 
frequencymay  be  reflects  from  several  different 
heists.  This  is  definitety  true  for  the  ordinary 
andextraordinaty  components.  Several  reflections 
from  different  locations  in  the  ionosphere  can 
also  be  observed  when  the  electron  density  has  a 
relativety  short  scale  horizontal  structure.  This 
situation  is  usually  caused  by  very  strong  gravity 
waves  called  travelling  ionospheric  disturbances 
recognizable  by  complex  multiple  echo  traces. 
True  height  computations  are  not  m  reliable 
under  such  circumstances,  since  large  deviations 
from  vertical  propagation  occur.  For  detailed 
studies  of  these  phenomena  sampling  rates  higher 
than  12  lonograms  per  hour  are  neeaed. 

In  order  to  obtain  reliable  estimates  of 
horizontal  scale  sizes,  the  installation  of  additional 
receiving  sites  is  necessary.  Distances  should  be  of 
the  order  of  a  fraction  of  a  typical  horizontal 
wavelength.  A  triangle  with  an  ionosonde  and  two 
additional  receivers  with  a  base  of  about  50  -100 
km  should  be  short  enough  to  avoid  spatial 
undersam^ing  and  at  the  same  time  long  enough 
to  give  sufficient  accuracy  for  the  determination 
of  magnitude  and  direction  of  the  propagation 
velocity  of  acoustic  gravity  waves. 

References: 
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Figure  1 .  Night-day  change  of  the  maximum  electron  density  of  the  F-region 


Figure  3.  F>regk>n  height  of  maxiinum  variation  during  the  morning  hours 
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Figure  7.  Amplitude  spectrum  of  the  F-rcgion  height  variations  of  figure  2 
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DISCUSSION 


R.  JENKINS,  CA 

In  the  first  part  of  figure  4,  the  apparent  reflection  point  position  is  plotted  as 
a  function  of  time.  With  regard  to  the  array  used  to  take  these  measurements, 
what  was  the  array  aperture,  and,  if  there  were  more  than  2  antennas  in  each 
direction,  were  the  phase  changes  measured  across  the  array  consistent  with 
plane  waves  ? 

AUTHOR’S  REPLY 

The  phase  values  measured  at  the  four  receiving  antennas  are  tested  for 
consistency  with  the  plane  wave  assumption.  If  the  test  fails,  the  data  are 
usually  rejected  for  angle  of  arrival  computations.  Exceptions  are  cases  of 
overlapping  ordinary  and  extraordinary  components,  if  their  separation  is 
desirable  (Paul,  1983). 

C.  GOUTELARD,FR 

Si  vous  utilisez  des  antennes  distantes  de  100  m,  vous  avez  une  bonne  mesure 
aux  frequences  basses  (l/2MHz)  mais  aux  frequences  eievees,  vous  avez  une 
ambiguite  dans  la  mesure  des  angles  d’arrivee  k  cause  du  fait  que  votre 
spectre  devient  lacunaire.  Comment  levez-vous  I’ambiguite  ? 

AUTHOR’S  REPLY 

If  echoes  are  reflected  from  strongly  tilted  areas,  e.g.  sporadic-E,  the  angle  of 
arrival  computation  may  be  ambiguous,  if  the  radio  wavelength  is  much 
shorter  than  the  distance  between  receiving  antennas.  In  such  cases,  a  unique 
determination  of  the  angle  of  arrival  is  still  possible  if  continuity  of  the  phase 
observations  with  frequency  can  be  assumed  and  observations  start  at  low 
enough  frequencies  (Paul,  1990). 

Paul,  Adolf  K.,  Numerical  separation  of  overlapping  ordinary  and 
extraordinary  echoes  in  digital  ionograms.  Radio  Sci.  18, 416420, 1983. 

Paul,  Adolf  K.,  On  the  variability  of  sporadic*E,  Radio  Sci.  25, 49-60, 1990 
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SUMMARY 

The  Johns  Hopkins  University  Applied 
Physics  Laboratory  (JHU/APL)  has  Investigated 
high  frequency  ground  wave  (HFGH)  coonunicatlon 
In  mountainous  terrain.  Using  a  broadband, 
d1 scone  antenna  and  100  watts  of  power,  com¬ 
munication  links  In  the  20  to  30  MHz  band  of  at 
least  50  and.  In  some  cases,  as  much  as  115  km 
have  been  established  over  mountainous  paths. 
Links  were  non-TIne-of-sIght,  and  Immune  to 
Ionospheric  fading.  Olgital  and  wide-band 
frequency  hopping  comunlcatlons  have  been 
demonstrated  using  HFGW.  The  discone  antenna  Is 
about  3.5  m  high  when  assembled  and  can  be  made 
extremely  portable.  The  special  characteristics 
of  the  20  to  30  MHz  band  coupled  with  the 
properties  of  the  discone  antenna  would  offer 
advantages  to  distributed  communication  systems 
In  mountainous  terrain.  This  paper  presents 
HFGW  results  and  discusses  how  this  medium  may  be 
exploited  In  a  distributed  system  which  uses 
both  frequency  and  spatial  distribution. 

PREFACE 

Under  the  sponsorship  of  the  Defense 
Nuclear  Agency,  The  Johns  Hopkins  University 
Applied  Physics  Laboratory  (JHU/APL)  has  been 
Investigating  high  frequency  ground  wave  (HFGW) 
as  a  nuclear  survlvable  means  of  communication 
for  land-mobile  missile  systems  In  Europe. 

Using  a  frequency  band  of  20  to  30  MHz,  and  a 
portable,  broadband,  discone  antenna,  HFGH 
propagation  characteristics  have  been  demon¬ 
strated  which  could  be  exploited  In  distributed 
communication  systems  (Reference  1).  Test 
results  show  that  by  means  of  portable,  wide 
band  discone  antennas  the  upper  part  of  the  HF 
band  could  be  used  alone  or  as  an  extension  of 
the  very  high  frequency  (VHF)  band  to  achieve 
non-llne-of-sight,  non-fading,  spread  spectrum 
coneunicatlon.  As  discussed  below,  both  spatial 
and  frequency  distribution  strategies  could  be 
used. 


DISCUSSION 


1.  ADVANTAGES  OF  THE  20  TO  30  MHz  BAND 

In  order  to  maximize  the  range.  It  Is 
desirable  to  use  a  resonant  antenna  for  both 
transmission  and  reception.  On  the  other  hand, 
optimum  portability  is  wanted.  Hith  these 
constraints  In  mind,  20  HHz  was  chosen  as  the 
lower  limit  of  the  frequency  band  to  be  tested. 
A  resonant  antenna  could  then  be  constructed 
whi.h  had  a  height  of  less  than  4  meters.  The 
upper  frequency  was  taken  to  be  30  HHz  because 
this  Is  the  limit  of  most  military  HF  trans¬ 
ceivers  and  because  It  was  anticipated  that  the 
ability  of  the  signal  to  provide  non-llne-of- 
sight  coverage  by  diffraction  In  mountainous 
terrain  would  significantly  diminish  above  30 
HHz. 

The  20  to  30  HHz  band  offers  additional 
advantages.  As  will  be  shown,  ranges  of 
Interest  are  achievable  In  mountainous  terrain 
with  reasonable  transmission  power  levels. 

Beyond  the  ground  wave  range,  however,  there  Is 
a  zone  extending  for  hundreds  of  miles  where  no 
signal,  ground  wave  or  sky  wave.  Is  present. 
Accordingly,  there  Is  a  large  region  surrounding 


the  area  of  comnunlcatlon  coverage  where  It  Is 
not  possible  to  Intercept  or  OF.  Beginning  at 
about  500  miles.  It  Is  possible  to  Intercept  a 
skipped  signal  a  few  percent  of  the  time. 
Although  the  skip  probability  Increases  somewhat 
beyond  this  point,  the  large  skip  angle 
challenges  OF  accuracy. 

A  further  advantage  of  the  20  to  30  MHz 
band  Is  the  relatively  low  noise  level.  Within 
the  HFGW  range,  competitive  noise  sources  are 
not  likely  to  be  transmitted  from  a  resonant 
antenna,  and  consequently,  their  effect  Is 
limited.  Interfering  distant  stations  are 
limited  by  the  skip  characteristics  discussed 
above.  At  night  this  band  Is  particularly  quiet 
as  local  noise  sources  are  quiet  and  the 
probability  of  distant  signals  skipping  In  Is 
aliDuSt  nil.  A  study  by  Laycock  et  a1  of  percent 
congestion  values  vs  frequency  range  Illustrates 
the  point  (Reference  2).  Based  on  data  taken  at 
a  rural  site  In  central  England,  their  data  show 
zero  percent  congestion  for  most  frequency 
Intervals  In  the  20  to  30  HHz  band.  By 
contrast,  the  lower  region  of  the  HF  band  Is 
almost  100  percent  occupied,  particularly  at 
night. 


2.  PROPERTIES  OF  THE  DISCONE  ANTENNA 

Military  users  of  HFGH  require  the 
capability  of  changing  frequencies  quickly  to 
avoid  Jannlng  and  reduce  the  probability  of 
Interception.  Further,  portability  and  speed  of 
erection  and  disassembly  are  highly  Important. 
The  d1 scone  antenna  was  found  to  have  the 
desired  characteristics.  The  discone  antenna  Is 
comprised  of  a  disc  and  a  cone.'  It  Is  a  wide 
band  antenna  with  a  nominal  50  ohm  Impedance 
which  produces  vertically  polarized  radiation 
(References  3  and  4).  For  HF  and  very  high 
frequency  (VHF)  applications  the  disc  and  cone 
are  usually  not  solid,  but  are  comprised  of 
spokes.  The  height  of  the  antenna  1$  set  by  the 
length  of  the  cone  spokes,  which  are  chosen  to 
be  equal  to  one  quarter  the  wavelength  of  the 
lowest  desired  frequency  (cut-off  frequency)  and 
the  cone  angle,  which  Is  typically  30  degrees. 
(For  best  performance  the  cone  spokes  are  chosen 
so  that  the  cut-off  frequency  Is  taken  to  be 
about  1  HHz  lower  than  the  lowest  frequency  to 
be  used.)  Figure  1.  shows  the  dimensions  of  the 
discone  antenna  used  In  the  work  described  here. 
Eight  spokes  were  used  on  the  disc  and  cone  for 
the  first  discone  built  at  APL.-  Subsequently  a 
discone  was  tested  which  only  used  six  spokes  on 
the  disc  and  six  for  the  cone.  No  difference  In 
performance  was  measured  between  the  two 
configurations. 


Beginning  just  above  the  cut-off  frequency 
the  discone  antenna  has  a  good  voltage  standing 
wave  ratio  (VSWR)  for  many  decades.  Figure  2 
shows  VSWR  vs  frequency  measured  for  a  d1 scone 
antenna  having  a  cut-off  frequency  of  19  HHz. 

As  a  consequence,  a  50  ohm  HF  transceiver  will 
transmit  and  receive  efficiently  on  this  antenna 
throughout  the  20  to  30  HHz  band  without  the 
need  for  an  antenna  matching  unit.  Further,  the 
discone  lends  Itself  to  using  spread  spectrum  or 
frequency  hopping  techniques  throughout  this  10 
HHz  band. 
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Oimanaiona  lor  diacona  antanna  with  cut-oH  Iraquancy  of  19  MHa 


Fig.  1  Baaleatnietura  of  a  diacona  antanna. 


Fraquancy(MHz) 


Flg.2  VSWRvaliaquaney  for  a  diacona  antanna  wHh  a 
cut-off  fiaquaney  of  19  MHz. 


The  discone  antenna  can  be  made  extremely 
portable.  Erected,  the  d1 scone  stands  about  4 
meters  high.  Experience  has  shown  that  this 
size  Is  reasonable  for  use  In  wooded,  tactical 
positions.  The  antenna  can  be  fabricated  so 
that  when  disassembled  It  makes  up  a  package 
weighing  less  than  three  kilograms  which  can  be 
carried  by  backpack.  Assembly  and  disassembly 
each  take  about  10  minutes. 


3.  MEASUREMENTS  OF  HFGW  PROPAGATION 

Using  discone  antennas  and  frequencies  In 
the  20  to  30  MHz  band,  HE  ground  wave  propa¬ 
gation  has  been  studied  In  a  number  of  different 


environments  ranging  from  the  mountains  of  West 
Germany  to  the  Mojave  desert  In  the  United 
States.  The  results  are  described  In  the 
following: 

Range  Meaturementa  Made  In  the  Mountalne 
of  WestGennany 

Using  a  discone  as  the  base  station 
antenna,  single  sideband  (SSB)  voice  and  con¬ 
tinuous  wave  (CW)  test  signals  were  transmitted 
at  22.733  and  26.72S  MHz.  The  output  power  was 
selected  to  be  100  watts.  Both  military  and 
crivlllan  radio  equipment  was  used  to  transmit, 
with  Identical  results.  The  military  trans¬ 
ceiver  was  the  AM/GRC  193A.  The  civilian 
transceiver  was  a  Yaesu  model  757GX.  A  second 
discone  was  moved  to  positions  of  Increasing 
distance  from  the  base  station.  At  each  test 
site  voice  contact  was  established  and  a  CW 
signal  transmitted.  Measurements  were  made  of 
s1gna1-p1u$-no1se  and  noise  using  another  Yaesu 
7S7GX  transceiver  which  had  been  calibrated  by 
means  of  Injecting  known  power  levels  and 
measuring  the  audio  power  out.  Table  1.  shows 
the  signal-to-nolse  ratio  (SNR)  and  the  received 
power  levels  measured  over  four  mountainous 
paths.  Note  that  only  path  1  represents  a 
maximum  range.  Even  though  signal  levels 
Indicated  that  greater  range  was  possible  along 
the  other  paths,  the  test  V.am  could  not  proceed 
farther  for  administrative  reasons. 

All  paths  listed  In  Table  1  were 
mountainous  and  non-llne-c.f-sight.  To  Illus¬ 
trate,  Figures  3  and  4  show  Ihe  terrain  profiles 
for  paths  1  and  4,  respectively.  Elevation  In 
meters  Is  plotted  against  range  In  kilometers. 
The  transmitter  was  located  at  the  zero  kilo¬ 
meter  point  and  the  signal  measiirement  was  made 
at  the  end  of  the  path.  It  should  be  noted 
that.  In  addition  to  the  measurements  made  at 
the  end  of  the  path,  measurements  were  made  at 
Intermediate  points.  Including  positions  In 
valleys,  and  the  SNR  for  some  of  these  measure¬ 
ments  are  shown  In  the  figures. 


HFOW  Propagation  acroaa  South  Sandia  Paak 

A  test  was  performed  to  determine  whether 
HFGW  communication  could  be  conducted  across 
South  Sandia  Prak  near  Albuquerque,  New  Mexico. 
The  results  were  of  Interest  not  only  because  of 
the  severe  terrain  but  also  because.  In  contrast 
to  West  Germany,  the  ground  was  extremely  dry 
since  the  rainfall  In  the  Albuquerque  area  Is 
less  than  10  Inches  per  year.  Theoretically, 
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Fig.  3  TtrrainpfofiltforpaUil. 


Table  1.  Sumnary  of  Hf6W  Range  Survey  (AIT  measurements  made  at 
26.72S  HH2  using  a  transmission  power  of  100  watts.) 

_____ 

Path  Tx  Elevation  fix  Elevation  Range  SNR  Signal  Power 
(m)  (m)  (km)  (dB)  (dBm) 


1 

572 

498 

64 

6 

-114 

2 

572 

97 

69 

16 

-102 

3 

450 

525 

52 

28 

-92 

4 

561 

350 

115 

16 

-102 

Note:  The  ranges  for  path  1  represents  a  maximum  value.  The  signal 
received  on  other  paths  Indicated  greater  ranges  could  be  achieved, 
but  administrative  reasons  prevented  further  Investigation. 


Fig.  6  Terrain  profile  for  HFOW  Unk  in  Mojave  Oeaert. 


ground  wave  propagation  Is  sensitive  to  the 
moisture  content  of  the  ground.  As  can  seen 
In  the  terrain  profile  of  figure  5,  the  peak 
rises  over  a  kilometer  from  the  base  station, 
which  was  located  on  Kirtland  Air  Force  Base. 
From  that  site  the  top  of  South  Sandia  Peak 
subtends  an  angle  of  almost  six  degrees.  Using 
two  d1 scone  antennas,  100  watts  output  power  and 
frequencies  In  the  20  to  30  MHz  band,  a  29  km 
SSB  voice  link  was  established  at  will  over  a 
period  of  several  days.  Signal  level 
measurements  were  made  over  a  period  of  several 
hours  spanning  sunset  and  are  presented  In  the 
Section  4,  which  discusses  signal  stability. 


HFGW  Propagation  In  the  Mojave  Deeett 

In  a  further  test  of  HFGH  performance  In  a 
desert  environment,  a  propagation  path  was 
Investigated  In  the  Mojave  desert,  near  Barstow, 
California.  The  terrain  profile  for  the  33  km 
test  path  is  shown  In  Figure  £.  This  region 
gets  less  than  three  Inches  of  rain  yearly. 

Using  two  d1 scone  antennas  and  10  watts  of 
output  power  from  a  AN/PRC  104,  good  SSB  voice 
coanunicatlon  was  established  on  all  but  one  of 
five  channels  distributed  throughout  the  20  to 
30  MHz  band.  SNR  levels  were  measured  using  CW 
signals  and  the  results  are  tabulated  In  Table 
2.  As  can  be  seen,  the  26.720  MHz  frequency  was 
quite  noisy  and  this  was  caused  by  an  Inter¬ 
fering  signal  which  was  present  due  to  a 
transient  skip  condition. 


4.  SIGNAL  STABiUTY  OF  HFOW 

While  the  sky  wave  signal  level  varies 
widely  with  time  as  the  Ionosphere  changes,  the 
ground  wave  signal  level  Is  expected  to  be  more 
stable,  thereby  Increasing  Its  utility  for 
coaiaunicatlon  systems.  Accordingly,  If  the 
received  power  level  remains  steady  during  the 
time  the  ionosphere  changes,  this  supports  the 
claim  that  the  signal  Is  truly  ground  wave. 

Three  twenty-four  hour  tests  were  performed 
In  the  mountains  of  Germany  during  which  signal 
levels  were  measured  over  a  period  of  twenty- 
four  hours.  The  dates  and  paths  ere  listed  In 
Table  3.  CM  signals  were  transmitted  at  100 
watts  using  a  dlscone  antenna.  Another  discone 
at  the  end  of  the  path  was  used  to  receive  the 
signals  and  measurements  were  made  using  a 
calibrated  Yaesu  757GX  transceiver.  Signals 
were  transmitted  and  received  levels  measured  on 
a  regular  basis.  Figure  7  shows  the  results 
for  26.72S  MHz  taken  along  path  3  (Test  3)  In 
February  1986.  Measurements  were  made  every 
fifteen  minutes.  The  signal  levels  stayed 
constant  within  plus  or  minus  2  dBm,  which  was 
near  the  resolution  of  the  method  used  to  make 
the  measurement.  These  results  are  representa¬ 
tive  of  the  data  obtained  during  all  three 
tests.  No  evidence  of  sky  wave  fading  was  seen. 
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Fig.  7  RmuH«  of  signal  tubllHylMt  tor  *26.725  MHz 
gtoundwavs  signal. 


Table  2.  HFSW  Signal  Levels  Measured  over  33  km  path 
In  the  Mojave  Desert  (Discone  to  Olscone 
Antenna  Configuration) 


Frequency 

(MHZ) 

Signal-Plus-Noise 

(dBm) 

Noise 

(dBm) 

SNR 

(db) 

20.400 

-115 

-1,17 

22 

23.450 

-110 

-138 

28 

25.350 

-m 

-134 

23 

26.720 

-113 

-119 

6 

29,725 

-116 

-134 

18 

Table  3.  Results  of  HFGM  Signal  Stability  Measureaents 
Perfcnsod  during  24-Hour  Periods  over 
Non-11n*  of  Sight  Paths 


Received 


Test 

Range 

(km) 

Frequency 

(MHz) 

Signal  Power 
(dBm) 

1 

49 

22.733 

-105*2 

26.725 

-102*2 

2 

49 

22,733 

-98*2 

26.725 

-96+2 

3 

52 

27. ’33 

-98*2 

26.725 

-92+2 

In  July  1989,  during  the  test  of  propa¬ 
gation  over  South  Sandia  Peak,  It  was  desired  to 
demonstrate  that  the  signal  was  Indeed  ground 
wave  with  no  significant  sky  wave  component.  As 
a  result,  a  test  was  perforMd  In  which  the 
signal  levels  of  four  frequencies  were  measured 
as  a  function  of  time  through  the  period  of 
sunset.  The  results  are  shown  In  Figure  8.  As 
can  he  seen,  signal  levels  were  constant  within 
plus  or  minus  1  dBm  and  there  Is  no  evidence 
that  any  change  occurred  as  a  consequence  of 
sunset,  which  took  place  at  2024  hours. 


5.  DEMONSTRATION  OF  OK3ITAL  CAPABILITY 

Several  tests  have  been  conducted  which 
demonstrated  digital  communication  over  HFGU 
links.  One  test  used  terminal  node  controllers 
tied  to  HF  transceivers  and  personal  computers 
to  transmit  frequency-shift-keyed  packets  over 
mountainous  terrain  In  West  Germany.  The  signal 
was  comprised  of  two  tones,  one  at  2.069  kHz  and 
another  at  1.460  kHz  (600  Hz  shift).  The 


Fig.  8  Power  received  vs  time  of  day  tor  29  km  HFQW 
link  acroae  Sandia  peak. 


carrier  frequency  was  26,850  MHz  transmitted  at 
100  watts.  The  test  packet  message  was  1800 
characters  In  length,  divided  Into  80  character 
packets. 

After  each  packet  a  handshake  In  the  form  of  a 
checksum  was  required  from  the  receiving  station 
before  the  message  continued..  If  an  Incorrect 
checksum  was  received,  the  packet  was  auto¬ 
matically  retransmitted.  As  a  result,  only 
complete,  perfect  messages  could  be  passed.  The 
data  rate  was  300  bites  par  second,  I.e.  300 
baud,.  Signal-plus-noise  to  noise  ratios  (SNR's) 
were  also  measured  over  every  path.  To 
accomplish  this  a  CW  signal  was  transmitted 
using  100  watts  at  the  test  frequency.  Further, 
SSB  voice  contact  was  also  attempted  for  etch 
path.  The  ranges  of  each  path,  the  SNR's,  and 
whether  or  not  packet  and  voice  messages  were 
successfully  passed  are  Indicated  In  Table  4. 
Cowaunlcatlon  over  path  3  was  unsuccessful 
because  of  a  high  noise  background.  Only 
partial  success  was  achieved  over  paths  8  and  11 
for  the  same  reason.  If  aUernatlve  frequencies 
had  been  available  It  Is  possible  that  com- 
wunlcatlon  would  have  been  achieved  over  all  or 
most  of  these  three  paths.  The  tests  over  paths 
13  and  14  were  affected  by  a  thunderstorm. 

Because  of  the  length  of  the  message,  the  length 
of  the  packets  and  the  frequency  of  lightning 
strikes.  It  was  Impossible  to  pass  a  perfect 
message  In  a  reasonable  amount  of  time.  This 
might  have  been  avoided  by  dividing  the  message 
Into  shorter  packets  or  eliminating  the  hand¬ 
shake  requirement.  Virtually  all  paths  were 
non-llne-of-sight.  Because  the  test  schedule 
was  coordinated  with  a  military  exercise,  some 
paths  were  Investigated  during  the  day  and 
others  at  night,  as  the  opportunity  presented 
Itself. 

Testing  has  also  been  conducted  using 
mobile  military  radio  teletype  (RTT)  equipment 
which  uses  a  data  rate  of  50  baud  and  an  output 
power  of  200  watts.  The  RTT  equipment  produced 
a  coded  signal  consisting  of  a  2  kHz  audio  tone 
which  Is  shifted  plus-or-mlnus  425  Hz.  The  two 
resulting  audio  tones  are  processed  and  trans¬ 
mitted  the  same  as  SSB  signals.  Accordingly, 
the  outgoing  RF  signal  Is  comprised  of  two 
signals,  one  at  2.425  kHz  above  the  carrier 
frequency  and  one  1.575  kHz  below.  Using 
d1 scone  antennas  and  frequencies  throughout  the 
20  to  30  MHz  band,  RTT  units  provided  com¬ 
munications  between  battalion  headquarters  and 
six  batteries  both  day  and  night  over  a  four  day 
period.  The  exercise  took  place  In  mountainous 
terrain  with  propagation  distances  ranging  from 
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Table  4.  Sumary  of  HFGH  Packet  Radio  Results 


Path 

Range 

(kM) 

SNR 

(db) 

Packet 
Successful ; 

Voice 

CoMMUnIcatlons? 

1 

60 

20 

Yes 

Yes 

2 

51 

24 

Yes 

Yes 

3 

98 

NO 

No 

No 

4 

40 

13 

Yes 

Yes 

5 

67 

17 

Yes 

Yes 

6 

22 

3 

Yes 

Yes 

7 

89 

8 

Yes 

Yes 

8 

69 

NO 

No 

Marginal 

9 

48 

NO 

Yes 

Yes 

10 

100 

24 

Yes 

Yes 

11 

117 

8 

No 

Yes 

12 

62 

NO 

Yes 

Yes 

13 

69 

11 

Partial 

Yes 

14 

94 

8 

Partial 

Yes 

15 

38 

16 

Yes 

Yes 

16 

59 

8 

Yes 

Yes 

17 

59 

17 

Yes 

Yes 

NO  •  No  SNR  data  available 


as  little  as  14  to  as  such  as  50  k».  Messages 
were  passed  at  will  without  difficulty  and  no 
problees  attributed  to  HFGW  were  experienced.- 


6.  WIDE  BAND  FREQUENCY  HOPPING 

Both  the  wide  band  nature  of  the  d1 scone 
and  the  propagation  characteristics  of  ground 
wave  In  the  20  to  30  MHz  band  suggest  that 
frequency  hopping  or  other  frequency  distri¬ 
bution  techniques  could  be  exploited  to  achieve 
the  lowest  probability  of  Interception  and  to 
MlnlBlze  the  possibility  of  JaMing. 

Figure  2,  showing  the  VSWR  of  the  discone 
versus  frequency,  denonstrates  the  ability  of 
the  d1 scone  to  transnlt  and  receive  efficiently 
throughout  the  20  to  30  MHz  band.  Accordingly, 
It  should  be  possible,  for  exaifile,  to  frequency 
hop  over  many  MHz  without  sacrificing  output 
signal  strength  and  without  requiring  a  eatchlng 
circuit  to  protect  the  transeitter  from 
reflected  power. 

Data  obtained  during  range  testing  In  a 
variety  of  environeents  have  shown  that  the 
ground  wave  signal  level  does  not  change 
significantly  throughout  the  20  to  30  KIz  band 
over  a  Mountainous  propagation  path.  Presuaably 
this  can  be  attributed  to  the  properties  of 
diffraction.  The  pertinent  characteristic  Is 
Illustrated  In  Figure  8.  Here  we  see  that,  at 
the  reaote  station  across  Sandia  Peak,  the 
signal  level  received  near  20  MHz  was  equal  to 
that  received  near  28  MHz,  within  I  dBe, 

HFGW  wave  wide  band  frequency  hopping  was 
tested  In  the  United  States  over  a  16  km  propa¬ 
gation  path  through  a  densely  populated  section 
of  New  Jersey.  Two  d1 scones  were  used,  along 
with  two  frequency  hopping  transceivers  provided 
by  the  U.S.  Ar^y  Coaaunlcatlon  Electronics 
Coaaand  (CECOH),  The  output  power  was  20  watts. 
The  frequency  hopping  transceivers  were  prograie- 
■ed  with  six  sets  of  frequencies.  These  are 
shown  In  Table  5.  Both  the  noraal  hopping  rate 
and  the  faster,  enhanced  rate  were  tested  for 
SSB  voice  quality. 

Good  voice  coMiunlcatlon  was  established  on 
all  hopping  sets  using  the  discone  antennas. 

The  transceivers  had  an  option  by  Means  of  which 
one  can  choose  to  have  a  Matching  circuit 


Table  5.  Hop  Sets  for  Discone  to  Discone 
Frequency  Hopping 


Set 

Frequency  Range 
(MHz) 

Number  of 
Frequencies 

1 

20.0  -  23.9999 

>100 

2 

24.0  -  29.9999 

>100 

3 

20.0  -  23.9999 

2 

4 

24.0  -  29.9999 

2 

5 

20.5  -  23.5000 

4 

6 

24.0  -  29.9999 

6 

between  the  transnlttlng  circuit  and  an  external 
antenna  or,  alternatively,  connect  the  trans- 
Mltter  directly  to  the  antenna.  This  latter 
function  Is  to  be  used  with  a  50  olwi  antenna. 

No  difference  was  detected  In  the  quality  of  the 
wide  band  frequency  hopped  voice  signals,  when 
the  Matching  circuit  was  In  series  with  the 
d1 scone  and  when  It  was  renoved. 

By  contrast,  a  whip  antenna  used  for  the 
test  was  not  able  to  provide  an  Intelligible 
voice  signal  in  the  hopping  Mode  for  any  of  the 
sets  listed  In  Table  5.  Voice  contact  estab¬ 
lished  using  the  whip  antenna  on  a  single 
frequency  would  iMMOdlately  be  lost  when 
frequency  hopping  was  begun,  even  though  the 
Matching  circuit  was  used.  This  denonstrates 
the  need  for  a  wide  band  antenna  when  hopping 
sets  which  cover  a  band  of  several  MHz  are  used 
for  HFGU  coMMunIcatlons. 


CONCLUSION 

EMpIrIcal  evidence  shows  that  HFGH  1n  the 
20  to  30  MHz  band  could  be  used  to  provide 
nuclear  survivable,  non-llne-qf-sight  com- 
Munlcatlon  links  having  ranges  of  at  least  50  kM 
and  as  Much  as  115  kM  In  Mountainous  terrain. 
This  could  be  accoMpllshed  with  portable, 
broadband  d1 scone  antennas  and  using  trans- 
Mlsslon  power  levels  which  are  already 
available.  It  Is  possible  that  signal 
processing  techniques  could  extend  the  range. 

If  spatially  distributed  systeas  are  enployed  to 
relay  Messages,  coaaiunicatlon  coverage  could  be 
provided  over  large  regions  with  few,  If  any. 
Inaccessible  points,  even  In  Mountainous 
terrain.  Wide  band  frequency  hopping  could  be 
exploited  to  MlniMize  the  probability  of 
Interception  and  provide  antljaaaalng  capability 
without  reducing  the  coMnunIcatlon  coverage. 
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DISCUSSION 

Paul  S.  CANNON 

By  moving  from  low  frequency  (<  6MHz)  groundwave  to  high  frequency 
(20MHz,f  <  30MHz)  groundwave  you  mitigate  convertional  skywave  paths 
via  ionospheric  layers.  By  using  high  frequencies,  with  relatively  little  co¬ 
channel  interference,  there  is  a  possibility  that  propagation  via  meteor  trails 
can  occur  giving  connectivity  over  a  few  hundred  kilometers.  Did  you  make 
any  long  distance  measurements  and  did  you  receive  any  meteor  burst 
signal  ? 

AUTHOR’S  REPLY 

We  did  perform  measurements  to  determine  the  interceptibility  of  20  to 
30MHz  signals  at  points  500  and  1200  miles  distant  from  the  transmitting 
discone  antenna.  However,  the  data  do  not  allow  one  to  distinguish  between 
signals  received  after  skywave  hop  and  signals  which  might  have  propagated 
by  reflection  from  meteor  trails. 
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REST  ILTS  OF  MEASUREMENTS  PERFORMED  ON  HF  BACKSCATTER 
FOR  evaluating  THE  INFLUENCE  ON  SHORT  RANGE  HF  DATA  LINKS 


by 

P J.  v«n  Vliet  Bid  PX  vm  der  Vii 
INO  Phytic*  nd  Electronics  Lid)oratoiy 
P.O.  Box  96864 
2S09IG  TheHtgue 
The  Netherlands 


SUMMARY 

On  ihort  range  HF  links,  where  the  receiving  sutian  is 
relatively  close  to  the  transmitting  station,  lecqKion  of  long 
delayed  edioe*  (up  to  20  ms)  may  occur  due  to  bsckscstter. 
These  backscatter  signals  will  interfere  with  tigtials  received 
through  the  'legitimate'  path,  which  is  eilhar  groundwave  or 
nearly  vertically  incident  tkywave.  Even  on  low  data  rate  links 
this  time  dispersion  of  tigni^  may  cause  faitertymbol 
interference.  In  order  to  assets  the  influence  of  HP  backscatter 
on  short  range  HF  data  links,  measurements  were  performed. 
Path  delays  were  measured  using  a  direct-sequence  spread- 
spectrum  technique.  A  carrier,  BPSK  modulated  with  a  pseudo- 
noise  (PN)  sequence,  was  transmitted  and  the  received  signal 
wu  oortelated  with  the  tame  PN  sequence.  Between  June  1989 
and  lune  1990,  measurements  were  taken  over  a  66  km  path  in 
The  Netherlan^  and,  simultaneously,  over  a  958  km  path 
between  The  Netherlands  and  Norway.  Different  frequencies  in 
the  HF  band  were  used.  The  measurement  result*  show  that 
especially  on  the  short  range  link,  long  delayed  echoes  appear. 
The  bacl^atter  effect  depaxU  on  propagation  conditions,  thus 
on  frequency,  time  of  day,  season  and  tolar  activity. 


1,  INTRODUCTION 

A  major  problem  experienced  in  high  frequency  (HP)  data 
conununicadont  is  that  ionospheric  propagation  at  HF  suffers 
from  dispersion  in  time.  Conqxments  of  a  transmitted  signal 
arrive  at  a  receiving  station  along  differem  propagation  paths. 
Mixing  of  these  components  leads  to  multipath  interference. 

The  presence  of  mukipalh  causes  fading,  frequency  dependent 
chaiinel  characteristics  and  iniertymhol  interferenoe. 

After  having  observed  many  unsuccetaftd  data 
trantmittioni  (hi^g  modem  trials  on  short  range  links  (<  100 
km)  in  1981,  some  limited  measurements  showed  that  long 
delayed  echoes  (up  to  20  ms)  of  remarkable  strength  were  often 
interfering  with  signals  received  through  the  Tegiiimate'  path, 
which  wu  either  groundwave  or  nearly  vertically  incideM 
tkywave  (NVIS).  Even  with  relative  strong  received  signals,  the 
qii^ity  of  the  d^  wu  often  bad,  due  to  intetsymbol 
interference  caused  by  the  long  delayed  echoes.  It  wu  dien 
postulated  that  most  of  theu  echow  were  due  to  'ground 
backscatter'  and  that  the  high  probability  of  occurrence  and  the 
remarkable  strength  of  these  signals  were  related  to  the 
following  two  conditions: 

1)  The  short  range  of  Ok  link;  becauu  of  this  almost  ail 
distam  parts  of  the  earth's  surface  that  are  -  via  skywave  - 
illuminated  by  the  transmitting  station  are  'seen'  die 
receiving  one. 

2)  The  use  of  omni-directional  antennu;  when  it  is  not 
possible  to  use  directional  antermas,  scattering  from  all 
directions  will  contiibute  to  this  sort  of  interference. 


In  order  to  asseu  the  influence  of  backscatter  on  short 
range  HF  data  links,  measuremems  were  performed,  which 
were  supported  by  the  Royal  Netherlands  Army  (RNLA).  In 
this  paper  a  brief  description  of  the  HP  backscatter 
phenomenon,  a  description  of  the  meuurement  set-up  and  some 
results  of  the  measurements  are  given. 


2.  HF  BACKSCATTER 

Radio  wavu  propagated  via  one  or  more  ionospheric 
reflections  do  not  always  travel  from  transmitting  to  racoiving 
station  along  the  great-circle  path.  A  radio  wave  proiMtgated  via 
the  ionosphere  is  partially  scattered  by  the  inegularitiu  of  the 
ground  or  ua,  and  even  to  some  extent  by  thou  of  the 
ionosphere  itself  [1].  When  scattered  signals  propagate  back  to 
the  vicinity  of  the  transmitting  station  along  or  near  the 
direction  of  incidencs  this  is  called  backscatter.  Propagation  of 
scattered  signals  in  olhar  diiections  is  called  aide-scattar. 

HP  backscatter  wu  first  observed  in  1926.  In  the  late 
192<ys  and  the  l^s  the  scsttering  of  signals  into  the  skip  zone 
wu  encountered  frequently  [2].  Euly  reuarchers  suppoaed  that 
all  Bcattering  took  place  in  die  iono^heie  (3),  but  in  the  late 
194ffs  and  early  1930's  it  wu  concluded  that  the  most  common 
source  of  backscatter  is  scsttering  by  irregularitiu  on  the 
surface  of  the  earth  [4, 5]. 

Soutcu  of  backscatter  can  be  ground  backscatter,  caused 
by  irregularitiu  on  the  surface  of  the  earth  such  u  mountains 
and  ocean  waves,  or  direct  beclocalter,  caused  by  irregularitiu 
in  the  ionoqthere  such  u  F-r^ion  irregularidu  and  auroral 
zone  ionos}dietic  feahiru.  Backscallu  can  also  be  caused  by 
aircraft  or  meteors.  On  short  range  HF  Units,  where  the 
receiving  station  is  relatively  close  to  the  transmitting  one, 
backscattered  uhou  may  be  received  from  different  directions 
and  with  time  delqrs  in  exceu  of  dme  from  signals 
propagating  along  the  great-circle  pelh  between  both  stations 
The  strength  of  theu  signals  depe^  on  propagation  condid  ns 
and  propettiu  of  the  scattering  region.  The  spectral 
characteristk*  of  the  backscattered  signals  depend  upon  the 
propagation  path  through  the  ionoqihue  and  on  whether  the 
sig^  is  scattered  by  land,  au  or  die  ionosphere  itself.  In 
genual  propagation  via  the  ionosphere  will  introduce  a 
frequency  offset  (Dopplu  shift)  and  a  frequency  qnead. 

Applications  in  which  use  is  made  of  HF  backscatter 
signals  ate  (6); 

HF  communication  along  non  great-circle  paths  (through 
backscattu  or  rathu  side-scatter).  This  rnaku 
communication  pouible  at  frequencies  highu  than  those 
normally  usable; 

Monitoring  the  covwage  of  HF  transmissions  by 
determining  the  region  from  which  signals  are  scattered 
back.  This  can  also  be  used  for  obtaining  an  udmation  of 


5-2 


propagation  conditions  for  real-time  choice  of  operating 
frequency; 

Monitoring  the  structure  and  dynamics  of  dw  ionosphere; 

Remote  sensing:  monitoring  sea  state  and  corresponding 
surface  wind  and  ocean  current  at  distances  up  to  some 
thousand  kilometres  from  the  observing  station; 

Target  detection  for  surveillance  (over-the-horizon  (OTH) 
radar),  e.g,  aircraft  tracking. 

Besides  these  applications  in  which  a  positive  use  is  made 
of  backacatter  signals;  strong  Kaoer  signals,  however,  may 
cause  degradation  of  communication  circuita.  For  instance,  on 
short  range  HF  links,  where  the  receiving  station  is  relativdy 
close  to  the  transmitting  station,  reception  of  long  delayed 
echoea  may  appear  due  to  backacatter.  These  backacatter  signals 
will  interfere  irilh  signals  received  duoogh  the  legitimate'  padi. 
Even  on  low  data  rate  links  this  time  disunion  of  signals  may 
cause  intetsymbol  interference. 


3.  MEASUREMENT  SET-UP 

The  aim  of  the  meuurements  is  to  investigate  HF 
bacIcKatler  behaviour  in  order  to  assess  the  interference  caused 
by  these  signals  on  short  range  HP  data  links.  The  rnost 
importam  informatioo  required,  concerns  statistics  on 
parameters  like  path  delays  and  signal  strengths  of  backacatter 
signals  and  how  they  are  related  to  time  of  day,  season, 
operating  frequency  and  solar  activity. 

In  order  to  gather  such  data,  path  delays  and  slpial 
strengths  were  measured  over  a  M  km  path  between  Ihe  Hague 
(52.()7N  4.23E)  and  Dongen  (S1.37N  4.36B)  in  Ihe 
Netherlands.  To  assess  whether  short  range  links  suffer  more 
from  scattered  signals  than  long  range  linka,  maasutements 
were  also  taken  over  a  longer  path  of 938  km  between  The 
Hvie  and  KjeUer  «0.06N  10.13E)  in  Norway  (Fig.  1).  With 
this  configuration,  backscatter  on  a  short  path  and  aide-acaiter 
on  a  substantially  longer  path  can  be  monitored  simultaneoutly. 


Fig.  1  Locations  of  measurement  statkms 

In  this  measurement  set-up,  the  station  in  The  Hague  is  the 
transmitting  station,  while  the  stations  in  Dongen  and  KjeUer 


are  the  receiving  stations.  Along  the  two  paths  between  the 
transmitting  station  and  the  receiving  stations  we  measured  path 
delay  -  in  the  order  of  mUliseoonds  -,  received  signal  strengA 
and  frequency  of  die  received  signal. 

3.1  Principle  of  path  delay  mcasarenieiit 

To  measure  padi  delay,  a  carrier  which  is  binary-phase- 
shift-keying  (BPSK)  modulated  with  a  pseudo-noise  (FN) 
sequence,  is  transmitted.  At  the  receiving  station  the  recdved 
signal  is  demodulated  with  the  same  PN  sequence.  The  effective 
chip  rate  of  the  receiver  PN  sequence  is  somewhat  lower  *'ian 
the  chip  rate  of  the  transmitter  PN  sequence,  so  in  fa^  the 
receiver  PN  sequence  is  shifted  along  the  received  bit  ^uence, 
which  is  BPSK  modulated  on  a  carrier.  When  the  received 
signal  and  the  receiver  PN  sequence  correlate,  the  BPSK 
modulation  will  be  removed  the  original  carrier  will  be 
restored.  When  dwre  is  no  correlation,  die  output  of  the 
demodulator  wiU  ba  tioise-like'.  At  the  begin^  of  a 

measurement,  both  transmitter  and  receiver  FN  aeqocaicea  are 

reset  at  die  same  time.  The  path  delay  can  be  derived  from  the 
time  interval  between  the  booming  of  the  measurement  and  the 
appearanoA  of  the  demodulate  car^. 

This  principle  is  shown  in  riguie  2.  At  time  tg  there  is  no 
correlation  between  the  received  signal  and  the  receiver  PN 
sequence.  At  time  t|  the  receiver  PN  sequence  it  shifted  one  bit, 
but  there  is  tdU  no  cotieladon.  At  time  ^  the  receiver  PN 
sequence  has  shifted  one  bit  again  and  now  correlates  with  the 
received  signal.  The  restored  carrier  appears  at  the  potm  of 
output  of  the  BPSK  demodulator.  This  carrier  it  detectaUe  and 
the  peth  delay  can  be  determined. 


Fig.  2  Principle  of  path  delay  measurement  using  PN 
sequences 

Actually,  the  measurement  system  uses  a  direct-sequence 
spread-tpechum  technique.  When  correlation  occurs,  the 
received  BPSK  signal  is  'detpreaded'  by  the  BPSK  demodulator, 
resulting  in  a  signal  with  a  much  smaller  bandwidth. 

3,2  Transmitter  conlfgiiratlon 

The  transmitting  station  (Fig.  3)  transmits  PN  sequences, 
which  ate  repeated  continuously.  The  PN  sequences  ate  BPSK 
moduleied  on  an  HF  carrier  frequency,  which  it  transmitted  by 
a  400  W  transmitter.  The  trantmittion  bandwiddi  is  6  kHz.  The 
transmit  antenna  is  a  vertical  whqi  antenna.  A  personal 
conqmier  (PC)  controls  the  transmitter  unit 

The  PN  sequences  are  generated  by  a  PN  sequence 
generator  implmnenled  at  an  add-on  c^  in  the  rc.  The  length 
of  a  PN  sequence  is  253  bit  and  the  dilp  rate  is  3  kbit/s,  to  the 
duration  of  a  W  sequence  is  83  ms.  A  OCF77  receiver,  which 
is  also  inqilemented  as  an  add-on  card  in  the  PC,  serves  at  time 
synchronization  device  for  both  receiving  stations  at  the 
beginning  of  each  measuremenL  Time  signals  ate  received  from 
the  stMKlard  time  transmitting  station  DCF77,  which  transmits 
at  a  frequency  of  77.3  kHz  frm  Mainflingen  in  Oemiany. 
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vertical  whip 


Fig.  3  TruKmitterconfigmtion 
3J  Receiver  conflguratloii 


The  receiving  tietione  in  Dongen  end  Kjeller  ere  idenUcel 
(Fig.  4).  An  ective  rod  entenne  ii  used  e>  the  receiver  entenne. 
The  receiver  if  e  modified  HF  communicetiont  receiver.  A 
BPSK  demoduletor  it  pieced  following  the  433  kHz 
intermediete  frequency  (IF)  bend-pen  filler  with  6  kHz 
bendwidih.  Thii  IF  eignel  is  demoduleted  utmg  elocel  PN 
sequence  genereted  1^  the  receiver  PN  sequence  generelor.  The 
demoduleted  signel  is  converted  further  down  in  frequency. 

Like  the  trsnsmitter  unit,  the  receiver  units  ere  elso 
controlled  by  e  PC.  The  PC  is  equipped  with  e  DCF77  cerd  for 
time  synchronizetion  with  the  triin^ttini  stetion  end  e  PN 
sequence  generelor  cerd  to  generete  the  seme  PN  sequence  es 
dou  the  trsnsmitter  PN  sequence  generetor.  The  difference  with 
the  tnnsmittcr  PN  sequence  is  thst  from  the  beginning  of  e 
meesurement  the  receiver  PN  sequence  is  reteiM  hdf  e  bit 
eveiy  236  ms.  So  efter  N  times  236  ms  from  the  beginning  of  e 
meuurement,  the  lots]  deley  of  the  receiver  PN  sequence  in 
compeiison  with  the  trsnsmitter  PN  sequence  is  N  times  0.1667 
ms  (hslf  bit  time).  When  the  totel  deley  of  tits  receiver  PN 
sequence  equels  the  peth  deley,  correlstion  vnll  occur  end  the 
ou^  of  the  BPSK  demoduletor  will  be  e  sine-weve. 

The  bendwidih  reduction  feclor  (time  eceling)  of  our 
meesurement  system  is;  236  nu  /  0.1667  ms  ^  1336.  So  when 
coneletion  occurs  the  received  BPSK  signel  with  6  kHz 
bendwidih  is  'despreedetf  hy  the  BPSK  demoduletor,  resulting 
in  e  signel  with  3.9  Hz  bendwidih.  The  processing  gein  of  the 
meesurement  system  -  the  retio  between  bendwidih  of  the 
trensmitted  sigiul  end  diet  of  the 'deepreedeif  signel  -  is  32  dB. 
During  celibretion  we  found  ihet  BPSK  signels  ^wn  to  20  dB 
below  the  noise  level  were  delectsUe  with  e  negligible  felse 
slum  probelnlity. 

Thft  duretioii  of  one  meesurement  is  130J6  seconds. 
During  this  time,  the  peth  delq' of  ell  modes  of  propsgstion 
between  trensmitting  end  receiving  rtetion  with  peth  ddeys 
between  0  end  83  ms  end  widi  e  suilicieia  signel-lo-iwiie  redo 
will  be  meesured  with  e  resolution  of  0.17  ms.  The  ebsohite 
eccurecy  of  the  pedi  deley  meesurement  depends  on  the  time 
synchronizetion  between  the  tnuismitting  end  receiving  stetions 
et  the  beginning  of  eech  meesuremeoL 

The  frequency  of  the  nne-weve  which  qpeers  when 
coneietion  occurs,  depends  on  die  Dicier  s^  of  the  received 
signel  due  to  motions  in  the  ionosphere.  Beceuee  mote  dien  one 
echo  mey  sppeer  et  the  ssme  time,  we  mus  l  be  side  to  deel  widi 
the  possibility  of  more  cenien  showing  up  simultsneously  on 
slighdy  diflerent  frequencies.  As  no  one  should  be  missed  e 


detector  thet  in  fkt  is  e  low  frequency  (LF)  spectrum  enelyzer, 
is  used.  In  doing  so,  we  idso  deel  widi  frerpienty  drift  problems 
thet  occur  in  ptienice.  As  e  consequence  of  using  e  qiectium 
enelyzer  for  detection,  we  do  not  obtein  e  solid  coneletion  peek, 
but  semples  of  iL  From  dieee  sempies  the  originel  correletion 
peek  cen  be  reconstnicted,  however. 


Fig.  4  Receiver  configuretion 
3A  Signel  processing 

Sbie-wevee  which  tpftu  et  the  point  of  ouqnit  of  the 
BPSK  demoduletor  when  coneletion  occurs,  ere  detected  by  the 
LF  spectrum  enelyzer.  Prom  the  ouqiut  dete  of  the  qiectrum 
enelyzer  -  emplitude  end  frequency  -  coneletion  peiib  ere 
reconstructed.  The  peth  delsy  cen  be  derived  from  the  time 
iniervel  between  the  beginning  of  e  meesurement  end  the 
eppeerence  of  e  coneletion  peek  et  described  in  peregrqih  3.1. 
Eedi  coirtledon  peek  repsessnis  e  signel  received  from  the 
trensmitting  stetion  with  e  specific  pedi  deley.  The  signel 
strength  of  the  received  sipiel  it  derived  from  the  enqilinide 
deie^  by  the  qiectrum  snelyzer  end  the  eutometic  gein 
control  (A(X1)  voltege  of  the  receiver.  Since  the  gein  of  the 
ective  r^  receive  enieme  is  known,  the  field  strength  of  the 
received  signel  cen  be  celculeted  from  the  received  signel 
strength.  The  frequency  of  die  restored  cstiier  it  meuured  by 
the  spectrum  enelyzer. 

Metsuremem  dele  like:  time  mtervel,  strength  end 
frequency  of  the  detected  signel  snd  receiver  AOC  voltege  sre 
stored  in  die  PC  et  the  receiving  stetion  during  the 
meesurements.  After  the  meesutenMnie  these  dete  ere,  et  the 
request  of  the  PC  el  the  trsnsmitting  stetion  in  The  H  sgue,  send 
to  this  PC  through  modem  end  tekphofie  line.  In  The  Hsgue, 
the  meesurement  results  ere  further  processed  to  obtein  peth 
deleys  snd  signel  strengths  for  the  given  opereting  frequency  on 
whi^  the  messtoemenls  were  teken  u  e  function  of  time  of 
dey. 


4.  MEASUREMENT  RESULTS 

Between  June  1989  end  June  1990,  meesurements  were 
lekei.  overdie66kmpediinTheNeilierlridsend, 
shnui'eneously,  over  the  938  km  peth  between  The  Nedierlsnds 
snd  hkrwsy.  Measurements  were  teken  a'.  3  minute  intorvels 
durir « 16  or  24  hows  a  day.  Operating  frequencies  close  to  2.0, 
3.3, 3.7, 7.3, 20.0  snd  29.8  MHz  were  used. 

For  each  measurenicat  period  of  2  hows,  e  |dot  WM  made 
of  the  field  strcngdi  at  the  receiving  station  as  a  function  of  time 
of  dry  snd  path  delay.  Each  trace  in  these  jdots  r^resents  the 
received  fi^  strength  u  a  functioa  of  path  delay  for  (me 
measuieroenL  In  these  plots  the  different  roodee  of  propagation, 
with  cenresponding  path  delays,  cen  be  distinguished,  b  figures 
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6  through  II,  tome  meisumnent  roults  oonuininf  backicatter 
t  igiub  are  ihown  for  different  ff  equenciea  in  the  Iff  band.  Note 
that  die  field  itrengdu  are  tcaled  differently  in  the  variooa  plots. 
In  die  box  in  the  upper  left  comer  of  the  plott,  the  figures  of  the 
piH;;L.d  ptopagadon  mode  -  by  WNC/ff  [TJ  -  are 
nonmarited. 

Figure  6  shows  results  of  measurements  taken  on  a 
frequency  of  2.0  MHz  during  night  time  in  late  summer.  On  the 
path  between  The  Hague  and  D^en  a  groundwave  mode  of 
propagadon  is  present  -  qiptoximttely  0.2  ma  path  delay  •  as 
weU  as  backtcatter  rignala  with  padi  delays  between  6  nd  16 
ms  (Hg.  6a).  Mott  of  the  backtcatter  signals  are  dispersed 
between  6  and  10  ms  path  deli^.  The  p^cted  1F2  mode  (one 
hop  via  the  P2-layer)  it  not  prment  On  the  path  between  The 
Hague  and  Kjeller,  a  one  hep  mode  with  a  path  delay  around  4 
ms  is  present  (Hg.  6b). 

In  figure  7,  results  are  shown  of  measurements  on  3.3  MHz 
taken  between  3.00  and  3.00  univaital  time  (UT)  in  autumn.  On 
the  path  to  Dongen  groundwave,  one  hop  and  muld-hop  signals 
are  present  (Fig.  7t).  The  signals  with  path  delays  between  10 
and  13  ms  are  backicatter  signals.  Due  to  time  synchronization 
errors,  the  absolute  path  delays  of  the  different  traces  in  figure 
7a  are  somewhat  dislocated.  The  path  to  Kjeller  shows  two 
modes  of  propagation  with  slightly  different  path  delays  as  well 
u  some  weaker  signals  with  longer  delays  (Fig.  7b). 

Results  of  measurements  taken  in  autumn  during  the 
evening  on  3.7  MHz  are  shown  in  figure  (.  There  are  a  one  hop 
and  a  two  hop  mode  and  also  some  backscatter  signals  with  p^ 
delays  around  12  ms  on  the  path  to  Dongen  (Hg.  8a).  The  path 
to  Kjeller  shows  a  one  hop  mode  and  also  signals  with  longer 
delays,  with  a  maximum  of  13  ma  (Fig.  8b). 

Figure  9  shows  results  of  maaauremenis  tkken  fat  summer 
between  21.00  and  23.00  UTon  a  frequency  of  7.3  MHz.  On 
the  path  to  Dongen  one  hop  and  multi -hop  modes  are  preaent 
and  also  a  few  backscatter  aignala  with  longer  path  delays  (Hg. 
9a).  On  the  path  to  Kjeller  a  one  hop  and  possibly  a  two  hop 
mode  ace  present  (Fig.  9b). 

Results  of  measurements  taken  on  20.0  MHz  durfaig  day¬ 
time  in  autumn  ate  shown  in  figure  10.  The  groundwave  mode 
and  the  1P2  mode  are  not  present,  the  latter  being  omitted  since 
the  frequency  of  20.0  MHz  is  above  the  maximum  usable 
frequency  (MUF)  for  the  Ifaik  between  The  Hague  and  Dongen. 
Only  backscatter  signals  with  a  delay  between  6  and  10  ns  an 
present  (Hg.  10a).  On  the  path  to  K^ler  there  is  a  one  hop 
mode  present,  so  apparently  the  MUF  is  higher  in  frequency 
than  predicted  (18.9  MHz)  (Fig.  10b). 

In  figure  11,  results  from  measurements  on  29.8  MHz  are 
shown  for  the  path  between  The  Hague  and  Dongen  taken  on  a 
winter  rooming.  Between  7.00  and  8.00  UT  there  are  no 
backscatter  signals,  only  groundwave  aignala  are  prcaenl  (Hg. 

1  la).  After  8.00  UT  backacauer  signals  appear  with  path  ^lays 
around  13  ms  (Fig.  lib). 

The  measurements  nr  one  opsrating  frequency  were 
repeated  several  tiiiva  •  lio  4h.^exaiiqile,  in  October  1989 
meatuteroenuon'’3i  iri,.  'ere  taken  on  aeven  days.  For  this 
month  the  cumui’  .efi.  1  tength  was  derived  for  each 
mcaautemeiU  per.  ,urt.  b  figure  3,  the  cumulative  field 
strength  is  showf  tjr‘h  UKasuiemcnts  taken  b  October  1989 
between  1.00  and.  .v,/i.nrfor  the  path  between  The  Hague  and 
Dongen.  For  a  given  path  deby  on  the  hotizootal  axis,  die 
cotieapMiding  value  on  the  vertical  axb  cepresenu  die 
cumulative  field  strength  of  all  signals  with  a  longer  path  delay 
than  the  given  value.  The  contribution  of  NVIS  sigm^  -  around 
3  ms  ■  and  of  backscatter  signals  •  around  10  ms  -  ir  visibb  m 


figure  3.  Fdr  the  given  operating  frequency,  month  and  time  of 
day  period,  there  was  no  contribution  of  groundwave  signals. 


7.539  MHz,  October  1989, 01 .0003.00  UT 


Fig.  3  Cumulative  field  strength  (The  Hague  -  Dongen) 

On  the  short  path  a  groundwave  mode,  a  NVIS  mode  or 
both  inodes  of  propagation  were  present  When  baclucatter 
occurred,  the  difference  b  path  delay  between  one  of  these 
modes  arid  the  backscatter  signals  was  relatively  large.  Dutbg 
our  measurement  period,  backscatter  signals  with  path  delays  up 
to  20  ms  were  encountaied,  while  the  path  delay  of  groundwave 
signals  wu  approximately  0.2  ms  and  that  of  the  K^S  signals 
wu  around  3  me.  Due  to  this  large  difference  in  path  delay,  the 
time  dispersion  of  sipials  could  cause  mteraymbol  mterference 
even  on  bw  data  rale  links.  For  a  73  Baud  dM  link,  for 
instance,  the  symbol  period  is  13  ma,  so  two  signals  with  a 
difference  b  p^  deby  fai  the  order  of  thb  period  will  cause 
bietsymbol  faiterferenoe,  provided  they  have  comparable  signal 
strengths, 

On  the  longer  path,  the  prfaicipk  propagatian  mode  was 
one  hep  skywtve.  b  general,  the  dilference  m  path  deby 
between  this  skywave  mode  and  skfe-scatter  slgnab  was  smaller 
than  that  between  backscatter  and  the  other  mo^  of 
propagation  on  the  short  path.  Our  first  impression  is  that  the 
occurrence  of  side-acaUer  on  the  longer  path  is  baa  common 
than  the  occurrence  of  beckacatlet  on  the  short  path. 

The  frequencies  on  wUch  backscatter  occurs  ate  dictated 
by  the  frequoicy  window  for  longer  rarqie  bike.  So  m  the  lower 
end  of  the  HFbiwd,  most  beckacalter  is  obeetved  during  the 
nigb  Md  b  the  hitler  end  during  the  day.  Most  backscatter  u 
expected  m  waiter  and  our  fini  impteaaion  of  the  measurement 
results  is  that  this  u  viable.  However,  the  analysis  of 
measurement  dab  to  obiam  statistics  of  path  debys  and  signal 
strengths  of  backscatter  signab  as  a  function  of  season  has  iKit 
finished  yeu  Also,  the  statistics  of  backscatter  as  a  ftmetion  of 
solar  activity  for  our  measurement  period  of  coe  year  still  have 
to  be  derived  from  the  measurement  data. 


5.  CONCLUSIONS 

On  a  fixed  frequency,  path  debys  can  be  measured  using  a 
direct-sequence  spread-spectrum  technique  by  transmitting  a 
BPSK  signal  modulated  widi  a  PN  sequence  and  demodulating 
the  received  signal  with  the  same  -  but  retarded  •  Hf  sequence. 
TTus  provides  an  alternative  for  the  use  of  a  high  power  pulse 
tranamitter  for  measuring  path  delays.  With  the  measurement 
system,  path  delqu  between  0  and  83  ms  can  be  measured  with 
a  resohi^  of  0.17  ms  and  an  disohite  accuracy  depending  on 
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the  time  synchionizetion  between  the  trensmitting  and  receiving 
stations. 

The  measurement  results  show  that  particularly  on  short 
range  links  (<100  km),  long  delayed  backscatter  signals  appear. 
Int^etence  of  backscatter  signals  with  groundwave  or  NVIS 
signals  may  cause  interqunbol  interference,  even  on  low  data 
rate  links.  In  the  lower  end  of  the  HF  band,  most  backscatter  is 
observed  during  the  night  and  in  the  higher  end  during  the  day. 
The  occurrence  of  backscatter  is  dictat^  by  propagation 
conditions  for  longer  range  links,  thus  depmds  on  &equen^, 
time  of  day,  season  and  solar  activi^. 


6.  RECOMMENDATIONS 

The  interference  on  short  range  HF  data  links  caused  by 
backscatter  can  be  avoided  by  technical  or  operational  solutions. 
The  technical  solution  is  to  design  a  modem  that  discriminates 
between  the  different  components,  which  can  have  differences 
in  path  delay  up  to  20  ms.  Backscatter  signals  are  then  used  in  a 
positive  way  in  signal  demodulation.  If  possible,  antennas  can 
be  used  which  have  a  radiation  pattern  such  that  the  strength  of 
the  received  backscatter  signals  is  suppreued.  The  operational 
solution  is  to  make  a  proper  choice  of  operating  frequency. 

Such  a  choice  could  be  bued  on  statistics  on  the  occurrence  of 
backscatter. 

Further  analysis  of  the  measurement  data  is  nfceuary  to 
obtain  sufficient  statistical  background  about  the  occurrence  of 
backscatter.  Recommendations  can  then  be  made  concerning 
operating  frequency  for  a  given  link  range,  time  of  day,  season 
and  solar  activity. 
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Fig.  7  Puh  delay  and  field  strength  as  function  of  time  of  day;  frequency  3.S  MHz 
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DISCUSSION 


M.  DARNELL 

Could  you  say  something  about  the  relative  levels  of  the  various  received 
signal  components,  i.e.  what  was  the  level  of  the  backscatter  component  as 
compared  with  the  other  components  ? 

AUTHOR’S  REPLY 

It  is  difficult  to  say  something  about  the  relative  level  of  backscatter 
components  in  general.  Sometimes  the  backscatter  signal  levels  were 
comparable  in  strength  with  the  groundwave  or  nearly  vertically  skywave 
signals.  At  other  times,  for  instance,  we  encountered  only  backscatter  signals, 
without  other  components.  The  received  signal  level  of  each  component 
depends  on  the  speciric  propagation  conditions  for  that  component,  for  a 
given  operating  frequency  and  time  of  day. 

John  S.  BELROSE 

I  was  rather  astonished  by  your  response  to  the  previous  questioner  that  the 
NVIS  signal  could  at  times  be  comparable  with  the  groundwave  signal  for  the 
shore  path  over  which  you  have  made  measurements.  The  vertical  whip 
should  help  to  reduce  such  a  problem,  due  to  the  fact  that  it  should  have  an 
overhead  null  (-15  to  ■25dB). 

Could  you  give  more  detail  on  the  speciHc  transmitting  antenna  employed. 
AUTHOR’S  REPLY 

The  aim  of  the  measurements  was  to  invertigate  HF  backscatter,  in  order  to 
assess  the  interference  caused  on  operational  links.  For  this  reason  we  used  a 
4^  metre  vertical  whip  antenna,  which  is  similar  to  the  antennas  used  by  the 
Royal  Netherlands  Army. 

In  fact,  sometimes  the  received  level  of  backscatter  signals  was  comparable 
with  the  received  level  of  groundwave  or  NVIS  signals.  Since  the  analysis  of 
our  measurement  results  has  not  finished  yet,  it  is  not  possible  to  give 
statistical  data  on  the  difference  in  received  field  strength,  between  the 
different  components,  yet. 
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SUMMARY 

Tamparata  latiluda  mataor  burst  (MB)  spaca  dIvarsIty 
maasuramants,  using  cross  corralatton  analysis  of  37  MHz 
signals  scattarad  ovar  an  800  km  path,  ara  raportad. 

Signals  of  duration  20.75  s,  racalvad  on  antannas  sapar- 
atad  by  5X,  10X  and  20X,  ara  Invastigatad  using  6  days  of 
data  cdlactad  ovar  a  9-day  pariod  during  Fafaruary  1990. 
Signal  daoorralatlon  is  shown  to  ba  achlavad  by  an  antanna 
saparatlon  of  SXand  thara  Is  no  apparant  variation  In  avar- 
aga  cross  oorralatlon  coafficlant,  for  antanna  saparatlons 
batwaan  SX  and  20X,  for  any  of  tha  signal  catagorias 
axamlnad.  Wa  discuss  In  soma  datall  pravfous  divarsKy 
studlas  by  Barthofomd^  and  Ladd^. 

1  INTRODUCTION 

It  Is  mathamatically  oonvaniant,  whan  first  invastigating 
mataor  burst  (MB)  propagation,  to  assuma  that  tha  Inddant 
wava  has  baan  scattarad  from  Idaallsad  straight  columns  of 
ionisation  craatad  by  incoming  mataors^.  ImpUcIt  In  this 
formalisation  Is  a  singla,  planar  wava  Incldant  on  tha  racaV- 
ing  antanna. 

Masospharic  wind  shaars  and  turbulancaa  can, 
howavar,  radically  altar  tha  Initial  shapa  of  tha  trail  and  may, 
as  a  consaquanca,  causa  the  formation  of  muMpla  scattar¬ 
ing  raglons  (or  glints)^  Thasa  glints  may  move  Indapan- 
dantly  and  aach  scattarad  signal  will  axparianca  a  diffarant 
DopplarshifL  Fading  will  than  baobsarvaddua  to  tha 
su^rposkion  of  two  or  mora  discrata  Dopplar  shiftad 
fraquancyoomponants.  Tha  aggragata  wavafront  Is  now 
daarly  no  longar  planar  and  a  dHfstant  tima  dapandant 
signal  fading  pattam  wXI  ba  obsarvad  on  approipriataly 
spMad  antannas.  Consaquantly,  it  may  ba  pMsUa  to 
axplok  diversity,  «g  Raf  S,  tachniquas,  similar  to  thosa  usad 
in  tha  HF  (high  fraquancy)  band,  to  anhanoa  tha  perform- 
anca  of  MB  communications  systams.  A  pra-raquisKa  for 
tha  implamantation  of  diversity  is  tha  axistanca  of  uncorra- 
latad  fading  at  two,  or  mote,  of  tha  raoaiving  antannas. 
Under  thasa  circumstancas  a  faded  signal  from  one 
antanna  may  ba  oompansalad  for  by  in  phaaa  addition  of 
tha  signal  oomponants  at  tha  sacond  antanna.  Ona  method 
of  obtaining  thasa  unoorralatad  signals  is  by  recaption  at 
two  appropriately  spaced  antannas  (spaca  diversity). 

Investigation  of  MB  spaca  diversity  on  long  duration 
(-4  s)  echoes  was  performed  by  Lader.  An  operating  fre¬ 
quency  of  49  MHz  and  a  t  kW  transmittar  ware  usad  with 
signals  received  on  two  antannas  separated  by  either  22X 


or  60X.  Thasa  signals  ware  recorded  and  digRIsad  using  a 
too  ms  sampling  Intanral.  Tha  correlation  ooaffldants  were 
computed  lor  uri^rdansa,  specular  ovardansa  and  non- 
specular  ovardansa  signals.  Tha  high  values  obtained 
(0.9948, 0.9819  and  0.7970  raspactlvaly)  lad  Ladd^  to 
oonduda  that  IKtla  spaca  diversity  gain  could  ba  obtained. 
Howavar,  ladhM  periods  on  signals  In  this  fraquancy  band 
range  typically^  batwaan  100  ms  and  t  s  and  tha  100  ms 
sampling  pariod  adopted  would,  tharafora,  have  baan  too 
Inlrsquanl.  Tha  cross  correlation  coaffldants  ware  also 
computed  ovar  oomplata  traU  durations.  Similar  analyses 
performed  by  Cannon  at  tF  showed  tha  correlation  coaf¬ 
ficlant  to  ba  a  function  of  tha  time  into  tha  trail  decay.  In 
this  latter  work  high  oorralatlon  coafliclants  ware  raportad, 
as  axpactad^  at  tha  start  of  tha  trail  dacay,  with  tha  coaffl- 
dants  dacraaslng  towards  tha  and  of  tha  trail  lifatima.  Tha 
conclusions  appear  to  place  thosa  of  Ladd^  in  question. 

A  cross  oorralatlon  coafficlant  of  0.6,  or  below,  was 
adoplad  by  Ladd^  as  a  ‘practical'  indication  cf  useful 
dacorralatlon^.  Such  a  condition  is,  howsvar,  only  appll- 
cabla  to  Rayiaigh  lading  conditions.  Extensive  studlas 
have  oonvincaa  these  authors  that  Rayleigh  fading  between 
multiple  glints  Is  only  one  of  many  situations  that  can  occur. 
Intariarance  between  two,  or  a  small  number  of  glints, 
resulting  In  a  deep  periodic  fading  anvalopa  whm  approxi¬ 
mates  a  ractifisd  sine  wavs  Is  mora  likely.  Graanhow'**^ 
suggastad  that  approximately  400  ms  ara  required  for  tha 
formarion  of  tha  first  glint  This  then  restricts  the  appli- 
cabKly  of  the  RayWgh  fading  model,  requiring  the  formation 
of  mukiple  (>6)  ipinis,  to  long  enduring  mataor  trails,  k  is 
misleading,  tharafora,  to  base  MS  diversity  conclusions  on 
simply  R^algh  fading  assuirptlons.  The  deap  periodic 
fading  pattame  resulting  from  two  or  thrsa  glints^  also  relias 
on  the  formation  of  glints  of  similar  dimensions,  a  situation 
which  may  not  prevaiL  Superposition  of  signals  from 
smaller  scattering  raglona  and  the  main  scattering  body  will 
stlk,  howavar,  cause  an  ampliluda  fluctuation  as  opposed  to 
deep  periodic  fading. 

BartholomA^  suggastad  that  tha  conclusions  of  Ladd^ 
ware  pessimistic.  He  performed  experiments  In  the  38  to 
41  Mte  band  with  400  watt  transmissions  and  an  antanna 
separation  of  4X  In  a  line  perpendicular  to  tha  great  circle 
path  from  tha  transmittar  to  tha  raceivar.  Tha  diversity 
effect  reported  was  small  both  for  underdansa  and  over- 
dense  specular  raflacllons.  Howavar,  whan  tha  trails  ware 
long  (>2  s)  and  wind  (Nstortion  had  lad  to  the  creation  of 
several  glints,  tha  resulting  muHipla  wavefronts  added 
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vectorially  to  produce  quasi-indep«ndent  time  varying 
signal  fields  at  each  of  the  separated  antennas. 

The  only  fully  developed  MB  communications  system 
repotted  in  the  open  litetature  which  has  incorporated 
diversity  is  COMET'*  '* .  The  COMET  system,  which  Imj^ 
mented  antenna  space  diversity,  together  with  diversity 
combining  of  signals  from  antennas  mounted  at  t'.'.'o  differ¬ 
ent  heights,  shmed  a  remartrably  high  duty  cycle  compared 
with  other  MB  communications  systems*^.  T)m  reasons  for 
this  high  throughput  were  never  formally  proven  but 
Battholom6  and  Vogt'*  *  believed  that  diversity  contributed  a 
considerable  degree.  If  so,  this  is  in  conflict  with  the  con¬ 
clusions  of  Ladd^. 

In  summary,  the  literature  of  the  1960s  is  confused  with 
regard  to  the  benefits  of  space  diversity  in  MB  systems. 

MB  data  communications  are  generally  regarded  as  low  data 
rate  systems,  with  bit  rates  varying  from  a  few,  to  generally 
only  tens  of  bits  per  second^^.  The  possibility  of  improving 
this  by  using  spMed  diversity  techniques  cannot  be 
ignored  and  as  a  consequence  further  work  has  been 
pursued  more  recently.  Cannon  ef  af^  and  Shukla  eta/*^ 
have  clarified  the  situation  on  a  temperate  latitude  37  MHz 
path  by  showing  that  although  the  correlation  coefficient  of 
the  total  signal  envelope  is  high,  as  found  by  Ladd^,  the 
correlation  coefficient  falls  as  a  function  of  time  Into  the 
trail.  Shukla  at  af  *3  categorised  the  received  signals  into 
three  groups,  la  underdensa,  ovardense  and  not  known 
(NK).  Of  the  three  signal  typM  NK  signals  were  obsen/ed  to 
be  less  correlated  than  underdensa  or  ovardense  trails.  At 
an  antenna  spacing  of  10X,  when  all  three  categories  ware 
combined,  40%  of  all  signals  exhibited  cross  correlation 
coefficients  of  <0.6  after  0.2S  s  of  signal  decay.  In  this 
paperwewin  address  an  aspect  of  the  work  repotted  by 
Shukla  e(  a/  *3  namely  the  optimum  antenna  spacing  In 
such  a  diversity  system. 

Whilst  this  paper  addreues  meteor  burst  signals  it  must 
also  be  recognised  that  three  other  sources  of  uncorrelated 
signal  exist  In  the  MB  frequet^  band;  namely  ionoscatter, 
sporadic-E  and  propagation  via  the  F2  layer  during  periods 
of  high  sunspot  activity.  The  magnitude  and  occurrence  of 
signals  propagated  via  these  modes  Is  dependent  on 
mechanisms  wHh  various  temporal  scales  and  on  the  radio 
frequency  of  operation.  These  other  modes  can  add 
vectorially  with  MB  s'gnals  providing  the  possbilhy  of 
diversity  gain.  Similar  conclusions  were  reached  by 
Bartholomt*. 

2  EXPERIMENTAL  TECHNIQUE 

The  experiments  performed  consisted  of  the  trans¬ 
mission  of  a  37  MHz,  400  W  continuous  wave  (cw)  ^nal 
over  an  800  km  path.  The  transmitter  was  located  (Figure  1) 
in  Wick,  Scotland  (58.56  N,  3.28  W),  and  signals  were 
received  at  Cobban  HNI  Radio  Station  In  Southern  England 
(51.27  N,  0.63  W).  In  order  to  minimise  the  reception  of 
sporadic-E  signals  which  might  confuse  the  study  of  MB 
signals,  the  experiment  was  performed  in  February. 

Morning  and  afternoon  data  were  collected  for  three 
antenna  separations  of  SX,  10X  and  20L  (Table  1).  These 
separations  compare  to  22X  and  60X  used  by  Ladd^  and  the 
4X  separation  implemented  by  Barthotomt*.  The  receiving 
antennas  were  sited  in  a  line  perpendicular  to  the  great 
drcla  path  from  transmitter  to  the  receiver.  Both  the  trans¬ 
mitting  and  receiving  antennas  were  horizontally  polarized 


4-element  Yagis,  mounted  at  a  height  of  IX  which  is  suitabla 
for  centre  path  illumination  at  an  altitude  of  95  km. 

The  received  signals  from  the  two  antennas  were  fed, 
without  amplification,  down  two  lengths  of  loss  equalised 
cable  to  the  receiving  and  signal  monitoring  system. 

Figure  2.  The  two  down-converter'*^  oufout  signals  were 
fed  into  separate  RACAL 1792  HF  receivers  operated  with  a 
bandwidth  of  3  kHz.  The  two  100  kHz  intennediate  fre¬ 
quency  output  from  the  receivers  were  recorded  on  two  FM 
channels  of  a  RACAL  STORE  4DS  tape  recorder  after 
passing  via  a  unit  described  as  a  'Log  Detector'*  The 
latter  units  output  the  logarithm  of  the  detected  input  signal 
level.  These  signals  were  recorded  in  a  1 .25  kHz  bandwidth 
using  a  tape  speed  of  3.75  inches  per  second. 

In  order  to  derive  absolute  signal  levels,  each  one  hour 
data  tape  was  calibrated  every  28  minutes  with  signals 
ranging  In  voKage  equivalent  power  levels  from  -133  dBm  to 
-76  dBm  In  3  dBm  steps. 

3  DIGITAL  ANALYSIS  TECHNIQUE 

Data  capture 

A  computer  program,  conligurad  for  the  Hewlett  Packard 
HP  9636  desk  top  computer,  was  written  to  store  and 
analyse  the  analogue  recorded  signals.  The  program 
enables  two  signal  voltage  channels  (eg  from  spaced 
antennas  in  this  case),  to  be  sampled  and  stored  by  an  8  bit 
analogue  to  digital  converter.  The  two  adjacent  signal 
channels  are  sampled  wKhln  40  ps.  This  then  approxi¬ 
mates  sImuHaneous  sampling.  The  anti-aliasing  filler  Is  a 
variable  low  pass  filter  wKh  a  46  dB  per  octave  roll  off, 
Figures. 

These  digitised  data  points  represent  received  signal 
power  in  dBrn  and  are  derived  from  the  digKisad  anal^ue 
signal  voKages  using  the  calibration  data.  The  data  files 
can  be  displayed  to  show  signal  strength  (dBm,  ordinate 
axis)  against  time  (seconds,  abscissa)  for  a  aelsclion  of 
time  windows.  The  software  suite  is  described  in  detail  by 
Shukla*^.  By  using  a  vertical  sliding  time  cursor  meteor 
signal  envelcipes,  above  a  fixed  power  threshold,  can  be 
visually  kfentified  and  easily  characterised.  The  software 
also  caiculiries  the  cross  correlation  coefficient  of  the  two 
signals  over  a  tima  segment  specified  by  the  user. 
Calculated  correlation  values  can  then  be  stored  to  disc 
with  an  identifying  label  which  best  descrbes  the  category 
of  signal  currently  under  investigation. 

Data  analyala 

Data  collected  at  the  three  antenna  separations,  were 
analysed  according  to  the  preceding  description  using  a 
channel  sampling  rate  of  100  Hz  (10  ms)  and  an  anti-aliasing 
filler  bandwidth  of  25  Hz.  This  sampKng  rata  Is  ten  times 
highsrthanthatussdby  Ladd^.  A  threshold  of  -1 20  dBm 
(approximately  1 0  dB  above  the  noise  floor)  was  used  for 
signal  analysis.  AH  signals  above  the  analysis  threshold 
were  categorised  as  'ovardense',  'underdensa'  or  'not 
known  (NK)'.  The  category  'NIC  refers  to  that  group  of 
iiignals  which  may  have  propagated  via  sporadic-E, 
ionoscatter,  or  via  non  specular  meteor  trails.  Cross 
correlation  coefficiento  for  zero  lag  (t  -  0)  were  then 
evaluated  for  these  signals.  Stoce  meteor  decay  is  a  non¬ 
stationary  process  cross  correlation  values  of  |t|  >  0  are 
invalid. 
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In  analysing  tha  undardansa  and  ovardanaa  trails  tha 
corralation  start  tinm  oorrasponds  to  tha  and  a(  trail  forma¬ 
tion.  This  can  ba  kfantiflad  by  tha  discontinuity  on  tha  rising 
adga  of  both  undardansa  and  ovardansa  signal  anvalopas. 
Those  two  channel  data  within  tha  first  0.25  s  of  formation 
ware  oorralatad  and  tha  cross  oorrsistion  valua  recorded 
along  with  tha  trail  catagoiy  (Figure  4a).  SuccassKw  025  s 
segments  ware  windowed  arid  oorralaM  until  tha  and  of  tha 
trail  was  raachad.  Tha  latter  is  takan  to  ba  that  time  whan 
both  channels  fall  below  tha  pra-sat  analysis  threshold.  Tha 
decay  period  is,  thatafora,  d^armlnad  by  tha  longer  dura¬ 
tion  channel  opening  time.  This  dallnition  incorporates  tha 
important  period  whan  only  ona  channel  Is  above  tha  thres¬ 
hold,  durbig  which  time  diversity  Is  axpaclad  to  give  Its 
greatest  Improvement  In  channel  availability. 

Qraanhow^  has  shown  that  tha  frequency  range  of  deep 
periodic  fading  from  meteor  trails  is  1  -10  Hz  and  an  analysis 
segment  size  of  0.25  a  Is,  therefore,  sufflolant  to  anoom- 
paM  most  fades.  Corralation  values  from  tha  first  025  s 
form  tha  statistics  for  segment  1,  correlation  values  from 
tha  second  0.25  s  form  me  statistics  for  segment  2,  and  so 
on. 

NK  signals  show  no  discontinuity  near  their  start  and 
consequently  start  times  ware  kfantiflad  by  tha  first  signal 
crossing  of  tha  analysis  threshold.  Otherwise  the  analytls 
wu  tha  same  u  undardansa  and  ovardansa  trails. 

In  data  analyses  suocaulva  and  grouped  segments 
were  compared.  ImpUdt  In  thia  approach  Is  tha  assumption 
of  an  average  ionisation  height  and  location.  This  averaging 
Ignores  the  differing  geometrical  factors  which  affect  tha 
decay  of  meteor  traila  occurring  within  tha  antenna  common 
volume.  In  addition  to  time  segmentation  of  tha  signal, 
cross  correlation  analysis  was  also  performed  over  the  total 
signal  decay  period  (Figure  4b)  to  compare  our  results  vdth 
those  of  Lad^. 

Trail  oategorleatlon 

Figure  4  is  illustrative  of  the  three  trail  categories  to 
which  the  digitised  signals  were  assigned.  Similar  trail 
categorisation  was  performed  by  Oetergaard  at  a/^*  and 
this  was  used  as  a  basis  for  ordering  our  data. 

An  undardansa  trail  is  characterised  by  a  short  signal 
rise  time  and  a  slower  linear  decay  time  (In  dB)  which  starts 
immediately  after  the  envalopa  hats  reached  its  maximum 
amplitude.  An  undardansa  trail  is  Illustrated  in  Figure  4a 
where  the  decay  duration  on  channel  1  is  greeter  than 
channel  2  by  an  amount  A .  In  this  exam^  selection 
diversity  would  be  advantageous. 

A  specular  overdense  trail  is  depided  In  Figure  4b.  kis 
characterised  by  a  fast  rising  increase  in  signal  strength 
until  the  Fresnel  zone  Is  fom^.  This  Is  folimved  by  a 
further  period  of  slowly  Increasing  signal  strength,  resulting 
in  a  rounded  top  to  the  received  envelope.  Overdense 
decay  durations  and  received  signal  strengths  are  usually 
greater  than  undeidense  trails.  In  the  example  Figure  4b, 
selection  diversity  would  show  little  advantage. 

The  'NK'  category  of  signal  have  an  undefined  format 
and  may  be  associated  with  signals  scattered  from 
$poradlc-E,  ionoscatter  signals,  or  non-specular  meteor 
signals.  Figure  4c  shows  short  duration,  highly  uncorre¬ 
lated  waveforms.  There  is  a  delay  of  A23  between  the 
signal  crossing  the  analysis  threshold  on  channel  1  and  the 
signal  crossing  on  channel  2.  There  are  also  a  number  of 
NK  signals  which  fall  Into  a  group  suffering  from  echo 


overlap  decorrelation^^.  These  signaie  occur  when  two 
trails  form  within  the  lifetime  of  each  other  and  within  the 
antenna  common  volumes.  Figure  5  Mustrates  such  a  ease. 
Between  times  Tt  and  Tg  a  sbtgleunderdense  trail  exists 
but  at  Tg  a  second  meteor  trail  forms.  The  signals  add  or 
subtract  at  the  antennas,  depending  on  their  relative  path 
differenoe,  resulting  in  the  envelopes  seen  in  Figure  5. 
These  trails  are  grotqied  In  the  NK  category  due  to  their 
unusual  and  rare  nature.  Signals  scattered  from  remnants 
of  trails  which  were  not  pre^sly  in  the  antenna  common 
volume,  or  tnrHs  which  have  been  severely  dislorted  and 
which  are  not  easily  recognised  are  also  grouped  In  this 
category. 

Figure  6a&b  Illustrate  the  deep  periodic  fading  which 
derives  from  (Ref  4]  two  (or  mote)  Doppler  shifted 
components  beating  together  to  produce  a  |sin  t|  modulation 
pattern.  The  total  tiecay  duration  of  the  underdense  trail 
(Figure  Sa)  Is  *2.5  0.  In  a  conventional  communications 
system,  however,  this  single  trail  would  be  Interpreted  as 
three  dVIe^  traila  due  to  the  three  deep  (-1 0  oB)  fades  In 
the  trail  decay.  The  potential  data  throughput  from  such  a 
trail  Is  then  not  fully  exploltsd.  In  this  particular  example  of 
an  underdense  traii,  diversity  would  not  be  advantageous 
due  to  the  phase  coherency  ol  the  deep  lades  on  the  two 
antennas.  Conversely,  altl^h  a  similar  lading  pattern  Is 
observed  lor  the  overdense  trails  In  Figure  6b,  mere  is  a 
fade  time  delay  between  the  two  channels  of  approximately 
10  ms.  DIvenMy  systems  can  exploil  this  lade  delay  by 
oombinino  the  signals  to  reduce  the  fade  depth.  Theoom- 
bined  signal  would  enable  a  MB  communications  system  to 
utilise  the  total  decay  duration,  thereby  increasing  the 
system  data  throughput. 

4  RESULTS:  SPATIAL  CORRELATION 

VARIATION 

An  Important  question  relating  to  the  Implementation  of 
any  space  diversity  receiving  system  Is  the  optimum 
distance  required  between  the  antennae.  A  laige  antenna 
separation  may  be  required  to  obtain  sufficient  signal 
deoortelaten.  In  order  to  mMmlee  the  amount  of  land 
required  to  deploy  the  antennas  the  minimum  separation 
oommsneurele  wkh  signal  decorrelation  is,  however, 
considered  to  be  the  optimum  separation. 

In  order  to  determine  this  unknown  optimum  spacing, 
Invsstigalions  were  performed  on  signals  reoeNsd  on 
antennas  separated  by  SL,  10k,  and  20L  (Table  1).  Six 
days  of  data  were  collected  spread  over  a  0-day  period.  At 
each  antenna  spacing  the  three  signal  categories  of 
duration  2  0.75  s  were  Identilled  and  analysed.  Aldatafor 
each  antenna  separtoion  were  combined  in  order  to 
Increase  the  trail  count 

Underdense  trails 

Between  20  and  40  traNe  of  duration  20.75  s  were 
identified  over  the  2  days  at  each  antenna  separation. 
Cumulative  oonelation  distributions  values,  from  under¬ 
dense  trails  caiculatsd  over  the  firsi  0.25  s  (segment  1 ),  at 
the  three  antenna  spadnge  are  plotted  In  Figure  7a.  Similar 
distributions  are  also  plotted  (Figure  TbAc)  for  segments  2 
and  3. 

The  three  piecewise  linear  distribution  curves  plotted  for 
segment  1  (Figure  7a)  are  similar  in  shtpe  and  no  consistent 
order  to  the  distribution  curves  is  observed  as  a  function  of 
antenna  separation.  The  maximum  distrtoution  spread 
between  any  of  the  three  curves  is  spproxknafety  10%;  this 
represents  a  difference  of  only  three  trails  in  the  5X  data 
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sst.  Con8^Mntly,wi(Mnthelimitsofourdata$«tw«con' 
dude  that  in  segment  1  th«  daoofr*l«tk>n  of  underdanM 
trails  shows  no  increase  or  decrease  with  antenna 
separations  between  5X,  10X.and  20V.  That  Is  antenna 
separations  of  SV,  1 0V  and  20X  should  provide  very  similar 
space  diversity  gains. 

The  absence  of  spatial  variability  is  also  noted  for 
segments  2  and  3  (Figure  Tb&c}.  Although  an  increase  in 
decorrelation  occurs  with  increasing  segment  number,  there 
is  again  no  consistent  order  In  the  conelalton  distribution 
curves  obtained  from  underdense  signals  at  the  three 
antenna  spadng. 

Ovardense  trails 

Cumulative  distributions  for  the  three  segments  at  the 
three  antenna  spadngs  are  plotted  in  Figure  8.  The  top  two 
frames  show  that  the  correlation  values  of  the  signals 
raceivsd  at  SX ,  10X,  and  20X  are  closely  distributed  in  both 
segments  1  and  2. 

In  segment  3  (Figure  8c)  approximately  20%  of  the  traHs 
at  SX  have  oorrelatlon  values  less  than  0.8.  This  xntrasts 
with  15%  all  OX  and  32%  at  20X.  The  maximum  distribution 
spread  occurs  at  a  correlation  value  of  0.8  between  the  20X 
and  10X  curves  and  Is  2S%.  This  represents  1 1  trails  of  the 
10X  data  set  which  Is  a  fairly  slgntficant  trail  count 

We  conclude  that  wHhin  the  limits  of  our  data  set  the 
decorrelation  of  overdense  trails  shows  no  variation  with 
antenna  spacing  between  SX,  10X  and  20X1or  segments  1 
and  2.  Correlation  values  for  segment  3,  however,  appear 
to  favour  the  20X  antenna  spacing,  although.  It  is  unclear  H 
this  is  due  to  the  limited  data  sets  involved. 

NK  signals 

Prellmlnaty  studies  of  the  SX  daU  revealed  that  NK 
signats  analysed  on  day  number  44  were  significantly  less 
correlated  than  NK  signals  analysed  9  days  later  on  day 
number  53.  Within  the8daysofdalaooneidered,thoee 
signals  recorded  or  day  44  showed  an  uncharacteristic 
amount  of  multipath.  Cross  correlation  statistics  from  these 
2  days  were  not,  therefore,  combined  but  kept  separate  and 
are  thus  presented  in  th«  'allowing  diegrams.  The  multipath 
on  day  44  had  little  imprKt  on  the  analysle  of  underdense 
and  overdense  hails  since,  by  our  definition,  for  selection 
these  were  required  to  meet  certain  exacting  requirements 
relating  to  the  signal  envelope  with  all  other  signals 
calegorissd  as  NK. 

In  our  discussions  we  firstly  exclude  daU  from  the  SX 
spacing  on  day  44  where  the  conelation  values  are 
influenced  by  severe  multipath.  For  any  given  segment  the 
correlation  distributions  (Figure  9a-c)  at  the  three  antenna 
spadngs  are  broadly  sinriiar  to  each  other.  It  is  also 
apparent  that  NK  values  are  more  unoorreiated  than  the 
underdense  or  overdense  signals.  The  absence  of  a 
systematic  variation  in  signal  correlation  with  antenna 
spacing,  in  any  of  the  three  time  segments,  essentialty 
mirrors  the  results  from  the  other  two  signal  categories. 

Returning  now  to  day  44  we  observe  that  the  effects  of 
the  multipath  are  dramatic.  The  probability  of  finding 
decorreiidad  signals  on  this  day  in  segments  1, 2or3  is 
significantly  greater  than  on  the  other  5  days  of  the 


experiment.  On  day  44  the  space  diversity  gain  should  be 
high. 

5  CONCLUSION 

This  paper  has  investigated  space  diversity  of  37  MHz 
scattersd  signals.  The  spatial  variation  of  correlation 
values,  a  parameter  important  to  system  designers,  was 
addressed  lor  antenna  spadngs  of  SX.  1 0X,  and  20X.  AHol 
the  following  conclusions  relate  to  trails  of  duration  20.75  s. 

The  spatial  variation  of  received  signal  correlation 
values  was  investigated  at  three  antenna  spadngs  of  SX, 
10X,and20X.  UMo  spatial  variation  was  observed  for  any 
of  the  signal  categories  and  it  appears  that  decorrelation  is 
achlevsd  at  very  modest  spadngs  of  SX  or  1 0X.  The20X 
separation  is  less  pradical  and  unnecessary  if  compact  MB 
systems  are  required.  On  the  basis  of  our  measurements 
the  4X  diveisity  antenna  separation  Implemenied  by 
Bai1holom8  and  Vogt^  ^  in  COMET  would  probably  have 
been  u  successful  as  a  much  larger  antenna  spacing. 

Our  measurements  were  made  with  a  fixed  transmitter 
power  of  400  watts.  Variation  of  this  power  will  change  the 
relative  numbers  of  underdense.  overdense  and  NK  trails 
present.  Given,  however,  that  all  three  trail  categories 
show  no  significant  decorrelation  dependence  wKn  antenna 
spadng,  we  expect  that  the  above  conduslon  regarding  the 
optimum  antenna  spadng  will  not  vary  as  a  function  of 
transmittsr  power. 

An  Important  caveat  to  this  work  relates  to  the  latitude  of 
signal  measurements.  At  high  latitudes  In  particular,  where 
anomalous  propagation  mooM  are  more  common,  different 
conclusions  may  M  obtained. 

In  oondusion,  the  results  presented  in  this  paper 
suggest  that  space  diversity  will  be  rwivantagsous,  especi¬ 
ally  when  signals  propagate  via  NK  trails.  A  diversity 
contrbutlon  can,  hovwvsr,  also  be  expeded  from  over- 
dense  and  underdense  trails  particulariy  towards  the  end  of 
their  trail  llfellmes. 


Table  1 

Timetable  of  Data  Collected 
from  Cobbett  Hill 


Day 

number 

Antenna 

separation 

(M 

Hours  of  data 
collected 

44 

5 

5 

45 

to 

4 

4« 

20 

5 

47 

20 

4 

51 

to 

5 

53 

5 

4 
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Figure  1 .  Location  of  the  transmitting  and  receiving  sites. 


Figure  2.  Block  diagram  of  the  receiving  system. 


L 


number 


Figure  4.  Signal  classification:-  a)  Undendense  signals, 

Figure  3.  Block  diagram  of  the  digital  analysis  system.  b)  Overdense  signals,  and  c)  Not  Known  (NK)  signals. 


Rgure  5.  An  example  of  echo  overlap  trails 


Figure  6.  Deep  periodic  fading  observed  on  a)  underdense  trails, 
and  b)  overdense  trails. 


oa)OQr'<<D(n^e>(NjT-o*~cNjco^u)u>r«o>o)c> 

Cross  Correlation  Coellicient  a 


Cross  Correlation  Coellicient  b 


Figure  7.  Cumulative  correlation  probabitties  applicable  to  undetdense  signals  ol  duration  & 
0.76s  received  at  antenna  spacings  ol  SK,  1 0X,  20X  :•  a)  segment  1 .  b)  segment  2, 
c)  segment  3. 
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Cross  Correlation  Coefficient  a 


Cross  Correlation  Coefficient 


Figure  8.  Cumulative  correlation  probablKties  applicable  to  overdense  signals  of 
duration  2  0.75s  received  at  antenna  spadngs  of  5X,  10X,  2(U. 
a)  segment  1,  b)  segment  2,  c)  segment  3. 


Cumulative  Protjability  %  Cumulative  PiDbability  % 


Figure  9.  Cumulative  correlc'ion  probabilities  applicable  to  NK  signals  of  duration  2  0.75s 
received  at  antenna  spadngs  of  5X,  1CX,  20X  :•  a)  segment  1 ,  b)  segment  2. 
c)  segmern  3. 5A.  data  is  given  for  day  53  { ■  ■— )  and  day  44  (i-o*). 
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DISCUSSION 


D.  YAVUZ 

Can  you  relate  this  work  to  variable  rate  coding  (Eg,  Miller  &  Milstein  of 
Univ.  of  Californie,  San  Diego)  method  of  extending  useful  trail  duration. 

AUTHOR’S  REPLY 

Since  coding  is  a  form  of  diversity  -  time  diversity  - 1  would  aspect  it  to  extend 
the  useful  trail  direction.  The  code  rate  would,  however,  have  to  be  matched 
to  the  trail  signal-to-noise  ratio  to  extrac  its  maximum  advantage. 

C.  GOUTELARD,  FR 

1  -  II  ne  m’apparait  pas  absolument  n6cessaire  d’utiliser  des  systfemes  ARQ 
dans  le  cas  d’utilisation  de  codage.  En  effet,  le  taux  d’erreur  varie  en  function 
du  temps,  augmentant  dans  la  "queue"  du  m6t6ore.  L’entrelacement  ajout6 
au  codage  r6partit  de  fa?on  uniforme  les  erreurs  et  pent  6viter  les  syst^mes 
ARQ  dont  I’emploi  s’avfere  lourd. 

2  -  Ne  pensez-vous  pas  que  d’autres  dispositions  des  antennes,  non  plac6es 
systdmatiquement  dans  le  plan  du  grand  cercle,  pourraient  6tre  envisag^es 
compte  tenu  des  directions,  des  lieux  d’apparition  des  ni6t6ores  et  de  I’effet 
des  vents  de  cisaillement. 

AUTHOR’S  REPLY 

1  - 1  agree  that  interleaving  is  approprite  technique  to  counteract  burst  errors 
due  to  fading  but  in  the  end  we  need  ARQ  to  obtain  retransmission  of  the 
lost  data. 

2  -  This  is  a  very  interesting  point.  We  have  separeted  our  4  antennas 
perpendicular  to  the  great  circle  path  but  depending  on  the  wind  direction 
greater  diversity  gain  may  be  obtained  by  reorientating  the  antennas  out  of 
the  perpendicular  plane. 

M.  DARNELL 

1  -  Can  you  state  precisely  what  you  mean  by  "equal  gain"  diversity  ?  Is  it 
selection  diversity  ? 

2  -  May  I  point  out  that  error  control  coding  is  also  a  form  of  time  diversity  : 
therefore,  one  might  expect  a  similar  order  of  improvement  from  this. 

3  -  We  seem  to  have  a  similar  conflict  of  interest  here  to  the  HF  case  ;  for 
receiving  antenna  gain  to  be  effective,  a  plane  wavefront  is  required  :  for 
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RESUME 

Dans  cat  article,  nous  donnons  les  rOsultats 
experlmantaux  da  liaisons  mOtOorIques  rdallsOes 
antra  100  at  1000  km.  Una  Interpretation  physique  da 
ces  rOsultats  ast  obtanue  an  exploltant  les 
distributions  statistiques  das  paramOtres  du  canal, 
ainsi  qua  les  enregistrements  da  la  fonction  da 
transfert  du  canal.  La  base  da  donnOas  constitude 
complete  at  amende  utilament  les  Informations 
fournles  pour  les  modOllsatlons  classiques  du  canal. 


AfiSIBACI 

This  paper  describes  the  experimental  results  of 
meteor  burst  communications  recorded  at  ranges  from 
too  to  1000  km.  A  physical  Interpretation  of  these 
results  was  obtained  by  using  a  statistical  distribution 
of  the  meteor  burst  intervals  and  of  the  transfert 
function  measurements.  The  resulting  data  base 
completes  and  improves  the  information  provided  by 
the  traditionnal  models. 


1  UtIBQCUCTlOM 


Le  flux  permanent  de  mSl4ores  incident  sur 
I'almosphdre  terrestre  cr^e,  vers  100  km  d'altitude, 
des  trainees  ionisdes  permettant  de  rSallser  des 
liaisons  radiodlectriques  intermittentes.  Le  canal 
mdtdoriqne  ainsi  cMfini  a  dt6  4ludi6  par  de  nombreux 
chercheurs  depuls  le  ddbut  des  ann4es  50  (1) ,  (2]. 
Malgrd  cela,  on  ne  dispose  pas  actuellement  d'outils 
de  provisions  0  partir  desquels  les  performances  et  la 
flabilitO  d'un  systOme  de  transmission  quelconque 
pourraient  Otre  OvaluOes. 


Pour  une  liaison  et  une  pOriode  de  I'annOe  donnOes, 
les  modOles  de  provisions  permettent,  au  mieux, 
d'estimer  les  valeurs  moyennes  des  paramOtres 
caractOristIques  d'une  liaison  Intermittente.  Une 
expOrimentatlon  de  I'ordre  de  80  heures  Otant 
nOcessaIre  pour  mesurer  ces  valeurs  moyennes ,  II  est 
difficile  de  constituer  une  base  de  donnOes 
reprOsentative  de  dIffOrentes  configurations  de 
liaisons  (distances,  antennes,  pOrlodes  de  I'annOe, 
frequences,  ...).  De  fait,  la  plupart  des 
experimentations  rOallsOes  entre  stations  terrestres 
ont  OtO effectuOes  gourdes  distances proches  de 
1  000  km  durant  une  pOriode  de  I'annOe.  II  existe  une 
experimentation  rOalisOe  par  NES  [3  ]  pour  laquelle 
des  mesures  sImultanOes  des  paramOtres  du  canal 
ont  OtO  effectuOes  pour  dIffOrentes  distances. 

On  dOcrIt  dans  cat  article  les  rOsultats  de 
I'expOrlmentation  THEOREME  (Transmission 
HErtzienne  par  Ondes  REflOchles  sur  tratnOes 
MEtOoriques),  rOallsOe  durant  I'annOe  1989.  Pour 
chacune  des  six  distances  comprises  entre  100  et 
1  000  km,  les  paramOtres  du  canal  ont  OtO  mesurOs 
durant  au  molns  80  heures  pour  des  pOriodes  de 
rannOe  distinctes.  Afin  cflnterprOter  correctement  les 
rOsultats  expOrimentaux,  il  est  nOcessaire  (fidentifier, 
et  si  possible  de  quantifier  les  contributions  des 
modes  de  propagation  non  mOtOoriques  relativement 
aux  performances  globales  mesurOes.  Pour  atteindre 
partiellement  ce  but,  des  expOrimentations 
complOmentaires  assoclOes  0  chacune  des  distances 
prOcOdentes  ont  permis  de  mesurer  le  module  de  la 
fonction  de  transfert  du  canal.  Un  logiciel,  non  dOcrit 
dans  cet  article,  permet  de  classer  automatiquement 
les  rOponses  temporelles  mesurOes  parmi  les 
ditfOrents  modes  de  propagation  kfentlfiOs. 
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Pour  I'essentiel,  on  fournit  ici,  d'une  part  les 
param6tres  moyens  du  canal,  et  d'autre  part,  une 
interpretation  physique  des  rdsunats  obtenus  e  I'aide 
des  distributions  statistiques  et  des  fonctions  de 
transfert  mesurees.  Ces  resultats  fournissent  des 
elements  pour  evaluer  la  faisabillte  de  liaisons  de 
distances  quelconques  interieures  e  1  000  km 
realisees  e  partir  d'une  station  principals.  Un  effort 
particulier  (fanalyse  a  ete  effectue  pour  les  distances 
interieures  e  500  km  pour  lesquelles  les  resuKats 
disponibles  dans  la  litterature  semblent  peu 
coherents. 


2  DESCRIPTION  DES 

EXPERIMENTATIONS 


Les  antennes  sent  placees  A  une  hauteur 
au-dessus  du  sol  telle  que  les  axes  lies  aux 
maximums  des  lobes  prindpaux  s'intersectent  en  un 
point  situe  e  environ  100  km  d'altitude  k  la  verticale 
du  point  milieu  de  la  liaison  .  Pour  les  courtes 
distances  (sauf  Poitiers),  les  mesures  ont  egalement 
ete  realisees  pour  des  hauteurs  d'antennes  eievees, 
e  priori  non  optimales  pour  le  canal  meteorique,  afin 
de  favorlser  la  propagation  par  diffusion 
tropospherique  pour  laquelle  Is  gain  aux  angles 
cfeievations  faibles  est  essentiel.  Les  valeurs 
calcuiees  du  gain  de  I'antenne  log-periodlque  en 
fonction  de  Tangle  d'eievatlon  sent  representees 
figures  2  et  3  pour  differentes  hauteurs  de  Tantenne 
au-dessus  du  sol. 


Une  liaison  intermittente  est  principalement 
caracterisee  par  trois  parametres  : 

-  la  duree  de  service  ds 

•  la  duree  moyenne  d'ouverture  t 

•  la  duree  moyenne  de  fenmeture  t 

Pour  une  periode  (fobservallon  donnee,  la 
duree  de  service  du  canal  est  egale  au  pourcentags 
du  temps  de  cette  periods  pour  lequel  le  rapport 
signal  k  bmlt  regu  est  superisur  au  seull  de  detection. 
La  duree  d'une  fermeture  eiementaire  est  definie  par 
Tintervalle  de  temps  separant  deux  instants 
d'ouverture  consecutifs  du  canal  .  Ces  trois 
parametres  sont  dependants ; 


Les  ouvertures  du  canal  sont  mesurees  par 
la  transmission  permanents  d'une  courts  sequence 
codes  reconnue  en  reception.  Le  banc  de  mesure 
permet  done  d'obtenir  les  valeurs  moyennss  t  et  5 
ainsi  que  les  fonctions  de  repartitions  des  variables 
aieatoires  associees.  Le  module  de  la  fonction  de 
transfert  du  canal  est  mesure  avec  un  autre  banc  de 
mesures  permettant  de  realiser  un  enregistrement 
numerique  de  la  reponse  temporelle. 

Les  six  liaisons  experimentales  ont  ete 
realisees  sur  le  territoire  frangais  entre  une  station 
cremission  situee  k  Cholet  et  une  station  de  reception 
deplaces  sur  les  six  lieux  de  mesures  (voir  carte, 
figure  1  et  tableau  1).  On  deciit  cl-aprds  les  differentss 
experimentations  kees  k  ces  liaisons. 

2.1  M»»un$  ties  ouv0rlun$  ef  </•• 
ttrmttuna  </u  canal 

2.1.1  ExperimtnUtinns  prindpalct 

Les  caracteristiques  radioeiectriques  de 
ces  liaisons  sont  presentees  dans  le  tableau  2.  Ces 
experimentations  ont  ete  effecluees  k  une  frequence 
de  42  MHz  en  utik'sant,  k  remission  et  e  la  reception, 
des  antennes  log-periodiques  horizontales  orientees 
suivant  le  grand  cercle  de  la  liaison  (tableau  3). 


pownoHt  onOMnoouci  ou  luiwn  Mnonowt 
lOCAmw  or  thi  mnam  um*  caiwo  our 
Plfur^  1 


STATIONS 

COORDONNEES 

DISTANCES 

OEOORAPHIQUES 

STATION/CHOLET 

CHOLET 

(Emission) 

47.1N-09E 

POITIERS 

46.eN  03 E 

107  KM 

BRIVE 

451N  15E 

289  KM 

CORMEILLES 

49.1  N  2E 

310  KM 

tSSOIRE 

456  N  33E 

363  KM 

TOULON 

43.1  N  6.1  E 

706  KM 

BONIFACIO 

41.4  N  9.3  £ 

1029  KM 

TABLEAU  I  •  CARACTERtSTKXJES  GEOGRAPHOU6S  0£S  LWJSONS 


Puissance  ^metteur 

2000W 

Pertes  coaxiaux  Emission 
(Identiques  en  reception) 

2.2  dB 

Antennes  Omission  et 
rOception 

Gain/espace  libre 

Log-pOrlodiques  placOes  8  une 
hauteur  h  au-dessus  du  sol 

7dBI 

Facteur  de  bruit  rOcepteur 

3.4  dB 

Rythme  blnalre 

16  Kbit/sec 

Eb/No  minimum  nOcessaIre 

6dB 

TABLEAU  2  -  CARACTEHISTtQUES  RADIOELECTRIQUES  DES  LIAISONS 


STATION  OE  HAUTEURS 
RECEPTION  ANTENNE/SOL 


POITIERS 
(107  km) 


NOMBRE  D'HEURES 
OE  MESURE 


BRIVE 
(289  km) 


CORMEILLES 
(310  km) 


ISSOIRE 
(363  km) 


TOULON 
(706  km) 


BONIFACIO 
(1029  km) 


TABLEAU  3  -  MESURES  OES  OUVERTURES  ET  DES  FERMETURES 
EXPERIMENTATIONS  PRINCIPALES 


Une  s^rie  d'expdrimentations 
compl4mentaires  a  pertnis  da  faire  des  mesures  k  42 
MHz  en  polarisation  verticals  ainsi  qu'd  70  MHz  en 
polarisation  horizontals.  Les  performances  d'une 
liaison  rdalisde  avec  une  antenne  d'dmission  formas 
de  deux  dipdies  horizontaux  aliment^s  en  quadrature 
ont  6galement  6t6  6valu6es.  Les  principales 
caractdristiques  de  ces  experimentations  sont 
resumees  dans  le  tableau  4.  Les  gains  de  I'antenne 
log-periodlque  verticals  et  des  dipfiles  crolses  sont 
respectivement  represemes  sur  les  figures  4  et  5. 


2.2  Uasun  tfu  module  de  la  foncllon  de 
tnnsfert  du  canal 

Le  sansibilite  de  la  chains  de  reception 
utilises  est  de  4  dB  mellleure  que  cells  des 
experimentations  du  paragraphs  2.1.  Les  autres 
caracteristiques  radioeiectriques  sont  identiques. 


EXPERIMENTATIONS  .  SUR 

LES  VALESRS  MESUREES 

Pour  la  mesure  des  ouvertures  et  des 
fermetures  une  imerruptlon  da  la  liaison  superieure  k 
5  ms  environ  sera  kfemifiee  comma  une  fermeture.  La 
quasi'totallte  des  coupures  liees  aux 
evanouissements  associes  k  une  trainee  ionises 
determ.neront  done  des  ouvertures  et  des  fermetures 
de  courtes  duress.  L'influencs  du  protocols  sur  la 
mesure  de  la  duree  moyenne  d'ouverture  a  ete 
estimee  en  supposant  que  les  duress  d'ouverture 
etaient  exponentlellement  distribuess  (figure  6). 

Les  coupures  de  liaisons  superieures  k  1 
ms  seront  detectees  lors  de  la  mesure  du  module  de 
la  fonctlon  de  transfert.  La  bands  passante  du  flltre 
d'entree  de  ce  banc  de  mesures  est  egale  e  7.5  KHz. 


STATION 

DE  RECEPTION 

FREQUENCE 

ANTENNES 

NOMBRE 

D'HEURES 

DE  MESURES 

DATE 

MEDIANE 

DES  MESURES 

Log-pSrlo. 
vertieales  : 

42 

4ITVS0I 

22 

26-4 

CORMEILLES 

11.5rtVsol 

ir* 

25-4 

(310  km) 

Log.pOrio. 
horizontales  : 

70 

3m/Sol 

92 

11-4 

11.5  m/sol 

25 

15-4 

BONIFACIO 

42 

DipOles  crolsSs 

5  m/sol 
i 

Log-perio. 

horizontales 

5  m/sot 

60 

21-9 

(1029  km) 

Log-perio. 

vertieales 

11.5  m/sol 

18 

26-9 

70 

Log-perio. 

horizontales 

11.5  m/sol 

20 

22-9 

TABLEAU  4  •  MESURES  DES  OUVERTURES  ET  DES  FERMETURES 
EXPERIMENTATIONS  COMPLEMENTAIRES 


On  discerne  deux  classes  homogdnes  de 
rdsultats  respectivement  assocldes  aux  courtes 
distances  (d  <  500  km)  et  aux  moyennes  distances 
(500  <d<  1000  km). 


4.1  LlalMons  moyannas  distaneaa 

Dans  un  premier  temps,  on  foumit  les 
r^si'itats  de  la  liaison  Cholet  ■  Bonifacio.  Chaque  point 
du  graphique  da  la  figure  7  repr4sante  la  valeur  de  (a 
dur6e  de  service  ds  (h,  i)  pour  une  heure  h  du  Jour  | 
de  I'exp^rimentatlon.  Pour  les  229  heures  de 
mesures,  le  rapport  du  maximum  au  minimum  horaira 
est  4gal  4 17.  Pour  une  heure  donn4a,  les  fluctuations 
de  Jour  k  jour  peuvent  4tre  flltr^es  en  moyennant  sur 
les  N|  jours  da  mesures : 


Les  variations  de  (h)  fournissent  la 
signature  diume  sInusoTdale  attandue  dont  le  rappotl 
des  extremums  est  4gal  k  3.3 .  Les  modilisatlons  du 
canal  permettront,  au  mieux,  de  pr4volr  les  valeurs  de 
la  dur4e  de  service  dt(h)  Ii4s  d  une  samalne  donnte 
de  I'ann4e.  La  moyenne  de  cTr  (h)  sur  les  heures  cfun 
jour  represents  la  valeur  moyenne  dt  de  la  duria  de 
service  pour  la  totalM  de  rexperimentatlon. 


3^  -4.1% 


Les  durees  moyennes  d'ouverture  et  de 
fermeture  du  canal  oorrespondantes  ont  las  valeurs 
suivantes ; 

7  -  270  ms  ;  5  -  6.3  sec 

II  est  Intersssant  da  comparer  ces  resultats 
avec  ceux  da  raxperimentation  COMET  (4]  rtelisee 
dans  la  m6me  zone  geographlque  qua 
I'experimantation  THEOREME  at  sur  une  distance 
quasl-ldentique  (995  km).  Une  partle  des 
experimentations  COMET  a  ete  effeclueo  vers  la  mi 
•novembre  1967  alors  que  notre  experimentation  a 
ete  realisee  vers  la  fin  du  mols  de  seplembre  1989, 
qui  est  la  periode  de  rannea  pour  laqueUa  ractlvHe  du 
canal  meteorique  est  maximala  (meteores 
sporadiques) .  Les  variations  autour  de  ce  maximum 
etant  peu  rapides,  la  comparaison  des  performanoes 
mesurees  est  realisable  en  pranant  uniquement  en 
compte  las  caracteristiques  radioeiectriques 
respectives  de  ces  deux  experimentations.  On  a 
utilise  la  description  et  les  resultats  ds 
I'experimentation  COMET  foumis  par  BROWN  [5] 
teisque ; 


''»comet“ 


Si  Pe  designe  la  puissance  d'emission, 
Pmm  la  puissance  mlnimale  ndcessalre  en  reception 
M  f  la  fr^uence  de  rexperimentation  (36.6  MHz  pour 
COMET)  on  admettra  que  la  duree  de  service  suit  la 
loi ; 


ds 


f 


■i.A 


Afin  d'estimer  la  valour  de  la  duree  de 
senrice  THEOREME  que  Ton  obtiendralt  avec  les 
parametres  de  COMET,  cette  duree  ds  service  dolt 
etre  mutlpliee  par  le  facteur  0.8  dO  aux  termes  de  la 
relation  precedsnte.  Par  ailleurs,  le  facteur  multiplicatif 
lie  au  gain  du  systems  antennaire  de  COMET  par 
rapport  au  notre  est  de  I'ordre  de  2. 1 .  PInalsment,  on 
obtient  un  facteur  global  egal  e  1 .7 ; 


7%  “  d8^>^E0fiEll«  * 

II  est  possible  de  justifier  recart  sntre  la 
valeur  sxtrapdies  a  partir  de  THEOREME  (7  %)  et  la 
valeur  effectivement  mesures  (14  %)  par  le  gain  de 
diversite  du  systems  de  reception  COMET  quI 
permettralt  de  reduire  la  perte  sur  la  duree  totals 
d'ouverture  produlte  par  les  evanouissements 
associes  e  un  certain  nombre  de  trainees  lonisees 
16)  . 

La  fonctlon  de  repartition  compiementaire 
des  intervalles  de  temps  5  separant  les  Instants 
d'ouvertures  du  canal  (c'est-e-dire  les  fermetures), 
dolt  etre  exponentislle  si  ces  Instants  ont  une 
distribution  polssonnienne.  Pour  un  jour  donne  de 
I'experimentation  on  constate  en  effet  que  la  drolte 
attendue  est  correctement  etablls  pour  5  superieur 
e  une  seconds  environ  (figure  8).  On  obtient  40  % 
(xp  %)  (fevenemsnts  lies  k  des  instants  d'arrivee 
polssonniens  et  60  %  d'evenemants  qui,  6  priori, 
peuvent  etre  attribues,  d'une  part,  e  des  courtes 
fermetures  produltes  par  des  evanouissements  et, 
(fautre  part,  k  crevsntuels  modes  de  propagation  non 
meteorIques.La  termeture  moyenne  globals^ 
mesures  est  evidemment  plus  faible  que  la  termeture 
moyenne  'S  p  des  distributions  exponentlelles.  Pour 
I'ensemble  de  cette  experimentation,  on  obtient : 


5  -  6.5  sec  ;  5p-16sec  et  Xp-45% 


L'analyse  des  reponses  temporelles 
enregistrees  pour  ia  meme  configuration  de  liaison, 
permet  d'interpreter  ces  resultats.  Les 
evanouissements  des  reponses  temporelles  du  canal 
meteorique  produiront  un  ensemble  d'ouvertures  at 
de  fermetures  lorsque  Is  niveau  de  ces  reponsss 
fluctue  autour  du  seuil  de  detection  (figures  9  et  10).  II 
exists  Ogalement  des  reponses  temporeltes  k'ees  k  un 
mode  de  propagation  par  diffusion  lonospherique 
(figure  11). 


14% 


^COMET  =  470  ms 
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Pour  un  enregistrement  de  1 10  minutes  de 
la  fonction  de  transfert  du  canal,  la  fonction  de 
repartition  compiementaire  des  fermetures  a  ete 
construite  pour  dlfterents-traitements  des  donnees  : 
(figure  12). 

•  La  fonction  de  repartition  pour  les  donnees 
bnjtes  est  telle  que  50  %  des  evenements  sont 
poissonniens. 


-  La  suppression  des  ouvertures  liees  k  une 
diffusion  ionospherique  prodult  une  legere 
remontee  de  la  droite  de  Poisson  (57  % 
(fevenements  poissonniens). 

-  On  a  enfin  supprime  les  fermetures  dues  aux 
evanouissemsnts  des  reponses  du  canal 
meteoriqua.  Les  reponsss  liees  k  la  diffusion 
Ionospherique  etant  toujours  supprimees,  on 
obtient  une  droite  proche  de  celle  due  k  un 
phenomena  totalement  polssonnien. 


II  est  done  certain  qua  las  evanoulssements 
redulsent  simultanement  las  duress  moyannes 
(fouvertures  et  da  fermetures  par  rapport  aux  valeurs 
prevues  par  les  modeilsations  classiques  du  canal 
meteorique. 


Les  distributions  des  ouvertures  du  canal 
sont  beaucoup  plus  difficlles  k  interpreter.  Pour  une 
journee  de  notre  experimentation,  la  fonction  de 
repartition  compiementaire  des  ouvertures 
representee  figure  13  ne  peut  etrs  que  tres 
approxlmatlvement  approchee  par  une  distribution 
exponentlelle  classiquement  utilises  dans  les 
simulations  du  canal  meteorique.  En  particulisr  la 
probabllite  d'obtenlr  des  duress  d'ouvertures  eievees 
est  notablement  plus  forte  qua  cells  foumie  par  une 
lol  exponentlelle.  WEITZEN  (7]  a  donne  des 
interpretations  physiques  Interessantet  sur  les 
distributions  observess. 


L'analyse  des  resultats  de  rexperfmentatlon 
Cholet  •  Toulon,  conduit  k  des  conclusions  kfentlques 
k  celles  de  la  liaison  Cholet  •  Bonifacio 
precedsmment  examinee. 


4.2  Llat$on$  courtaa  d/e(ancea 


On  examinera  tout  efabord  les  mesures  des 
stations  de  Brive,  Cormellles  et  Issoire  pour  lesquelles 
les  interpretations  physiques  des  resultats  sont 
semblables.  Les  antennes  etant  placees  e  3  m  au 
-dessus  du  sol,  on  observe,  pour  Cormeilles,  une 
signature  diurne  de  la  duree  de  service 
caracteristique  du  canal  meteorique  (figure  14)  qui 
n'est  plus  obtenue  lorsqu'on  eieve  les  antennes 
au-dessus  du  sol. 


Lavaleurdupourcentagexp  (fevenements 
poissonniens  diminue  lorsque  Ton  ei^e  les  hauteurs 
des  antennes  correiativement  avec  I'accroissement  de 
la  duree  de  service  ds  .  Ce  phenombne  est 
clairement  represente  figure  15  par  des  resultats 
partiels  des  distributions  de  fermeture  de  la  liaison 
Cholet  Cormeilles.  La  representation  de  ds  en 
fonction  de  xp  ,  pour  les  trois  hauteurs  de 
rexperfmentatlon  (3, 4  et  11,5  m),  permet  de  filtrer  les 
modes  de  propagation  presents  (figure  16).  Le 
deplacement  des  points  dans  le  plan  (xp ,  ds)  est 
du  au  mode  de  propagation  par  diffusion 
tropospherique  qui  est  favorise  par  reievation  des 
aeriens.  Les  gains  sur  le  bilan  de  liaison  par  diffusion 
tropospherique  par  rapport  k  la  configuration  des 
antennes  placees  e  3  m,  sont  respectivement  de  6  et 
22  dB  pour  les  hauteurs  de  4  et  11,5  m.  On  montre, 
par  simulation,  que  I'Influenca  des  hauteurs  des 
aeriens  sur  la  duree  ds  service  du  canal  meteoriqua, 
n'est  pas  en  rapport  avec  les  evolutions  observees. 
L'accrolssement  de  la  hauteur  eiectrique  des 
antennes  produite  par  I'augmentation  de  la  frequence 
(40  70  MHz)  accroit  la  valeur  de  la  composante 

tropospherique  du  canal,  contrairement  e  la 
composante  meteorique  qui  decroit  lortement . 

L'Interpretatlon  des  resultats  de  la  station 
de  Brive  est  ssmblable  k  celle  de  Cormeilles.  La 
composante  du  mode  da  propagation  par  diffusion 
tropospherique  devient  tres  faible  pour  Issoire 
(363  km). 

Pour  la  station  do  Po'ders  (107  km),  la 
dilfusion  tropospherique  est  domlnante  memo  pour 
des  antennes  placees  e  3  m  de  hauteur.  On  peut 
obtenir  des  duress  de  service  superieures  e  50  %  en 
plagant  les  antennes  e  1 1 ,5  m. 

Une  reponse  temporelle  due  k  la  diffusion 
tropospherique  (figure  17)  montre  let  ouvertures  et  les 
fermetures  Indultss  par  le  seuil  de  detection  en 
presence  (fun  evanouissement.  Compte  tsnu  de  la 
Vitesse  de  cet  evanouissement,  on  obtient  des  duress 
moyennes  efouverture  compar^les  k  celles  du  canal 
meteorique. 


4.3  Analyaa  globala  tiaa 

axptrtmantatlona  prinelpalaa 

Le  tableau  5  resume  ies  principaux 
resultats  de  ces  experimentations. 

Pour  les  courtes  distances  la  contribution 
de  la  propagation  par  diffusion  tropospherique  est 
negllgeable  pour  les  liaisons  de  Brive  et  Cormeilles 
realiseas  avec  des  antennes  placees  e  3  m  au-dessus 
du  sol,  ainsi  que  pour  Issoire.  avec  des  antennes 
situ6es  4  4  m  ds  hauteur.  Pour  les  autres 
configurations  courtes  distances,  la  propagation 
tropospherique,  toujours  presente  dans  nos 
experimentations,  permet  d'obtenlr  de  meilleures 
performances  que  celles  dues  au  seui  canal 
meteorique. 
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L'4vaiuation  de  la  pente  8p  de  la  drolte  da 
la  distribution  exponentielle  montrs  que  I'intervatle 
moyen  entre  mdt^ores  se  maintient  it  45  sec  environ 
lorsque  la  distance  d4cro?t  de  310  i  100  km 
(experimentations  rdalisdes  durant  les  mois  d’avril  et 
mai  1989). 

Afin  d'accroTtre  la  fiabilitd  des  liaisons 
courtes  distances,  il  est  done  possible  d'exploiter 
simul'andment  le  canal  mdtiorique  et  le  canal  de 
propagation  par  diffusion  troposphdrique  en  utillsant 
des  mats  tactiques  de  faibles  hauteurs  (  s  10  m).  Les 
valeurs  minimales  et  maximales  de  la  durde  de 
service  moyenne  du  canal  m4t4oriqua  sur  une  ann4e, 
pour  toutes  distances  comprises  entre  300  et 
1  000  km,  sont  d  priori  repr4sent4es  par  les  deux 
configurations  suivantes : 

Cormeilles  3  m/sol 

Avril1989-310km  -»  ds30.9% 

Bonifacio  1 1 ,5  m/sol 

Septembre  1989  •  1029  km  oTts  4.1  % 

Les  mois  d'avril  et  de  septembre 
correspondent  en  effet  ai'x  extrdmums  de  I‘actlvit4 
mdtdorique  annuelle  (m4t4ores  sporadlques). 
Cornpte  tenu  du  rapport  attendu  de  ces  fluctuations 
(environ  3),  on  doit  conclure  que  la  d4crolssance  de 
ds  avec  la  distance  est  notablement  plus  faible  que 
celle  pr4vus  par  les  modules  classiques  de  provisions 
(31 ,  (8|.  La  valeur  moyenne  de  la  durOe 
d'ouverture  du  canal  mOtOorique  est  comprise  entre 
250  et  300  ms  quelle  que  soit  la  configuration  de 
liaison.  Les  trainOes  de  longues  durOes  qui 
dOterminent  un  Ovanoulssement  du  signal  regu 
produisent  de  courtes  ouvertures  quI  diminuent 
fortement  la  durOe  moyenne  d'ouverture.  Le 
pourcentage  d'OvOnements  non  polssonniens 
(100  -  xp )  %,  dOtermlnOs  partlellement  par  ces 
Ovanouissements  est  plus  OlevO  aux  moyennes 
distances  (~  1000  km) ,  qu'aux  courtes  distances 
(  ~  300  km)  (tableau  5).  est  cohOrent  avec  le  fait 
que  la  probabilitO  (fOvanouissement  est  d'autant  plus 
forte,  que  les  durOes  d'ouvertu.'es  sort  importantes. 


5  ANALYSE  JBEa  BESUITATS  0E8 

EXPERIMENTATIONS  COMPLEMEN- 

lAlBES 

Le  tableau  6  fournit  la  durOe  de  service  d$ , 
la  durOe  d'ouverture  moyenne  et  la  dur4e  de 
fermeture  moyenne  pour  les  diffdrentes  configure, ions 
retenues. 

L'utilisation  des  antennes  log-p^riodiques 
verticales  placdes  4  4  metres  au-dessus  du  sol 
(Cormeilles  310  km)  determine  une  faible  valeur  de  la 
durde  de  service  (ds  >  0,3  %).  Ceci  peut  dtre  impute 
en  partie  k  la  reduction  du  gain  due  4  I'incidence 
pseudo-brewstdrienne  ainsi  qu'4  la  ddcroissance 
rapide  de  ce  gain  pour  des  angles  d'4l4valions 
sup4neurs  4  50°  (Figures  4). 


Les  pertes  de  polarisation  sans  doute 
notables  pour  cette  distance  [9]  ,  sont  difficilement 
s4parables  des  pertes  dues  aux  gains  des  antennes. 
La  propagation  par  diffusion  troposphdrique  permet 
cependant  d'obtenir  de  bonnes  performances  lorsque 
les  antennes  sont  4lev4es  4  1 1 ,5  m  au-dessus  du  sol. 
Conformdment  aux  provisions  thOoriques,  la 
polarisation  verticals  fournit  des  performances 
comparables  4  celles  de  la  polarisation  horizontals 
pour  Bonifacio  (1023  km). 

Pour  cette  derniOre  distance,  une 
expOrimentation  relativement  longue  (60  heures),  a 
OtO  rOalisOe  avec,  en  Omission,  une  antenne  formOe 
de  deux  dipOles  horizontaux  croisOs  alimentOs  en 
quadrature  et,  en  rOception,  une  antenne  log- 
pOriodlque  horizontals  (dts  1.9  %).  Une  diffusion 
radioOlectrique  omnidirectionnelle  en  azimut  peut  Otre 
obtenue  avec  cette  station  d'Omission. 

On  notera  enfin  que  pour  une  frOquencs  de 
70  MHz,  les  performances  demeurent  exceltentes 
pour  les  courtes  distances  (composante 
troposphOrique)  et  se  dOgradent  fortement  pour  les 
distances  moyennes  (composante  mOtOorique). 


6  CONCLUSION 

Les  Ovanouissements  des  rOponses 
temporeliss  liOes  aux  trainOss  ionisOes  agissent 
fortement  sur  les  paramOtres  moyens  qui 
caractOrisent  le  canal  mOtOoriqus  ainsi  que  sur  les 
distributions  statistiques  associOes  4  ces  paramOtres. 
Blen  que  les  OvOnements  dus  aux  mOtOores  surdense 
solenl  relativement  peu  nombreux,  lls  interviennent 
notablement  sur  les  distributions  des  ouvertures  et 
des  fermetures.  Ces  diffOrents  phOnomOnes.non 
correctement  pris  en  cornpte  dans  les  modOlisations 
classiques,  dOterminent  les  Ocarts  constatOs  entre  les 
mesures  et  les  provisions.  Les  modOlisations  sont 
cependant  utiles  pour  dOfinIr  les  aOriens  (fun  systOme 
de  transmissions  ainsi  que  cerlaines  variations 
paramOtriques  des  performances  du  canal 
mOtOorique. 

Actuellement  les  rOsultats  lournis  par  ces 
modOles  doivent  Otre  nOcessalrement  corrIgOs  et 
complOtOs  par  les  informations  expOrimentales 
disponibles. 
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STATIONS  DE  HAUTEURS 
RECEPTION  ANTENNES 
(m) 


POITIERS  3 


t  5  6p 

(m»)  (s«c)  (9ic) 


260 


0.9  1  263 


CORMEILLES 


TOULON 


BONIFACIO 


22.1  225 


0.9  253 


1.9  219 


22.2  186 


1.8  248 


1.3  211 


3.9  298 


4.1  280 


45  67 


45  28 


10 


25  57 


52  38 


16  48 


16  45 


TABLEAU  5  ■  SYNTHESE  DES  RESULTATS  DES  EXPERIMENTATIONS  PRINCIPALES 


STATIONS  DE 
RECEPTION 

f 

MHz 

CONFIGURATION 

d. 

% 

X 

(ms) 

8 

(S»C) 

CORMEILLES 

42 

LPV  4  m/sol 

0.3 

176 

56 

LPV  11.5  m/sol 

Di 

143 

41 

(310  km) 

70 

LPH  3niVsol 

22 

190 

8.4 

LPH  11.5  m/sol 

19.7 

182 

07 

BONIFACIO 

42 

Die  5nVsol 

LPH  SnVsol 

1.9 

240 

12.7 

(1029  km) 

LPV  11.5nVsol 

.jim 

225 

58 

70 

LPH  11.5ilVsol 

08 

190 

23 

TABLEAU  6  -  SYNTHESE  DES  RESULTATS  DES  EXPERIMENTATIONS  COMPLEMENTAIRES 
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(  wmpie  <ic  diffusion  ionosplv‘nquc 
I  xaniple  ionospheric  scatiering 


CHOLET-»  BONIFACIO  {  1028  km  ) 


DiSTRiaUTION  oe$  OUM6S  D*  OUVERTURC 
•UR8T  LCHQTHS  0<8TRi8UTK)N 


FIgur*  13 


4.. 


Pr(t>lol 


DISTRIBUTION  DBS  DUREES  DE  FERMETURES 
BURST  INTERVALS  DISTRIBUTION 


Figure  12 


CHOLET  ■>  CORMEILLES  (  310  Km  ) 


V*RUTION  OIUBNI  DC  U  OUME  OE  EEBVICE 
DHimUl.  VARIATION  OF  THE  DUTY  CVCIE 


FIgurt  14 
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CHOLET  •>  CORMEILLES  (  310  km  ) 


Oe  U  HAUTEUR  0*  ANTENNE  AU  OESSUS  OU  SOL 
DISTRIBUTIONS  VARIATIONS  OF  BURST  INTERVALS  AS  A  FUNCTION  OF 
ANTENNA  HEIGHT  ABOVE  GROUND 

FigUTB  IS 


CHOLET  CORHEILLES  (  310  k»  ) 


Rq>resentation  de  la  duide  de  service  ds  en  foncbon  du  nombre 
d'evenements  poissonniens  xp  pour  differcntes  configundons 

Representation  of  the  duty  cycle  ds  as  function  of  the  percentage 
xp  of  poisson  events  for  various  configuration 

Figure  16 


HGURfc  17 

Exempie  dc  prcpagaiion  troposph^nque 
Example  of  (ropospheric  propagation 
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DISCUSSION 


Paul  S.  CANNON 

Has  your  modelling,  and  have  your  comparisons  between  data,  taken  at 
different  times  of  the  year,  allowed  for  the  diurnal  and  annual  variation  in 
noise  level  ? 

AUTHOR’S  REPLY 

Le  bruit  externe  n’a  pas  6t6  enregistrd  durant  I’expdrimentation.  Pour  les 
diffdrents  sites  de  r6ception  nous  avons  cependant  v6rifi6  que  le  bruit 
Industrie!  n’dtait  pas  dominant.  Les  variations  diurnes  et  annuelles  du  bruit 
galactique  peuvent  effectivement  biaiser  16gferement  les  rdsultats  obtenus.  La 
moddlisation  du  bruit  galactique  re^u  nr  I’antenne  de  rdception  n’a  pas  6t6 
r6alis6e. 

M.  DARNELL 

I  should  like  to  confirm  your  results  for  short  paths.  We  have  been  making 
measurements  over  a  300  km  path  for  1  year  at  a  frequency  of  47MHz.  We 
have  found  that,  for  all  receiving  antenna  heights,  troposcatter  is  dominant. 
From  a  practical  communications  viewpoint,  at  short  ranges,  troposcatter 
would  seem  to  be  more  useful  than  meteor-burst. 

C.  GOUTELARD,  FR 

Les  propagatioas  par  trainees  m6t6oriques  et  par  diffusion  troposph6riques 
sont  facilement  distingu6es  dans  les  exp6riences  menses  avec  les  radars  par 
r^trodiffusion.  En  effet,  les  dchos  des  traindes  sont  parfaitement  localisds 
alors  que  les  phdnomdnes  de  diffusion  occupent  des  espaces  notablement 
plus  dtendus.  On  peut  done,  dans  ce  cas,  moner  une  dtude  simple.  En 
transmission  on  ne  peut  observer  ces  phdnomdnes  et  I’dtude  des  distributions 
proposde  ici  est  une  solution  intdressante. 


ETUDES  SPATIO-TEMPORELLE  DES  TRAINEES  METEORIQUES 
PAR  RETRODIFFUSION 

Space  and  time  analysis  of  meteor  trails  using  VHFbackscatter 
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G.  COVBJAWr,  B.  PIBROT 
Socl6t«  NARDEUX 
37600  LOCHES,  FRANCE 

C.GOUTELARD 

Laboratoire  d'Etudes  des  Transmissions  Ionosph6nques 
Unlversltfi  de  Parls-Sud 
Avenue  de  la  Division  Leclerc 
94230  CACHAN,  FRANCE 


I-  INTRODVCnON 

Les  communications  utillsant  les 
trainees  lonls6es  crties  par  les  m6t6orltes 
suscllent  un  Intiret  permanent  depuls  les  an- 
n<es  1950  durant  lesquelles  un  premier  sys- 
tdme  a  €tt  propose  |ll  |2I.  D'autres  expirlmen- 
tatlons  ont  eflectudes  dans  les  d6c6nnles 
1960  -  1970.  -  COMET.  METEORFAX  -  qul 
devaient  foumlr  des  r<sultats  de  grand  Intdret 
|3|  [4|  et  des  systimes  opiratlonnels  commc 
SNOTEL.  AMBS,  FEBA  ont  ImplanWs  aux 
Etats-Unls  d'Amfirlque.  En  France  I'itude 
THEOREME  15)  et  I'itude  pr«sent«e  dans  ces 
pages  ont  iti  susclties  par  I'admlnlstratlon 
mllltalre  frangaise. 

En  effet,  blen  que  des  systdmes 
alent  iti  con^us,  11  demeure  des  probKmcs 
non  risolus  autour  desquels  de  nombreuses 
iludes  ont  it6  eflectuies  et  sont  toujours  en 
diveloppement.  Deux  raisons  prlncipides  sem- 
blent  llnallser  ces  itudes  : 

-L'lntftrftt  op6ratlonnel  de  ces  ^s- 
times  qul  permettent  d'itabllr  des  communi¬ 
cations  au  deli  de  I'horizon  avec  de  falbles 
coOts  et  opiratlonnels  mime  en  cas  de  confllt 
nuclialre. 

-La  seconde  raison,  plus  fondamen- 
tale,  tlent  aux  itudes  qul  peuvent  itre  elTec- 
tuies  sur  les  prcblimes  d'lonlsatlon  par  les 
mitiores  et  la  physique  de  la  haute  atmos- 
phire  oil  les  mouvements  des  partlcules 
neutres  peuvent  itre  observds, 

Les  itudes  eflectuies  ont  d'abord 
porti  sur  la  puissance  transmlse,  la  durie  des 
slgnaux  et  les  lols  d'apparltlon  des  trainies  (6| 
(71  (81  puls  des  analyses  plus  fines  ont  iti  ef- 
fectuies  pour  caractirlser  les  composantes 
aliatolres  des  riponses  19)  et  I’lnlluence  des 
friquences  utlllsies  (41.  Des  modellsattons. 
ba^es  souvent  sur  des  etudes  antirleures. 
ont  iti  proposies  (101  (1 U  (121  rendant 


compte  des  phinomincs  prlnclpaux.  Ricem- 
ment  la  prise  en  compte  des  elTets  de  dipolarl- 
satlon  des  ondes  (131  [141  a  iti  falte  en  vue, 
notamment,  d’accroltre  I’efllcaclti  des  sys¬ 
tdmes.  Avec  Ic  mime  objectlf  I'ivolutlon  des 
trainies  est  itudlie  dans  I'optlquc  de  riallsa- 
tlons  de  systimes  adaptatlfs  [151 1161  (171. 

Des  itudes  effectuies  avec  des  ra¬ 
dars  dans  la  gamme  VHF  ont  permls  d’elTec- 
tuer  des  itudes  de  vents  de  partlcules  neutres 
dans  la  partle  supirleure  de  la  misosphire 
1181  (191 1201 1211. 

L'itude  dicrlte  dans  cet  article 
conceme  unc  expirlmentatlon  effect  uie  avec 
un  radar  utillsant  des  Impulsions  longues  co- 
dies  dont  le  prlnclpe  a  iti  utlllsi  dans  les  son- 
dages  lonosphirlques  en  ritrodlffuslon  |22|. 

Le  systime,  fonctlonnant  en  dilec- 
tlon  cohirentc,  pcrmet  d'itudler  I'effet  doppler 
et  de  remonler  une  part  du  micanlsme  de  for¬ 
mation  de  la  tralnie. 

Le  systime  riallsi  pour  cette  expi- 
rlence  est  dicrlt  et  ses  performances  sont  pri- 
clsies.  Un  ensemble  de  mesures  silectlonnies 
sur  plusleurs  mols,  effectui  i  deux  fri¬ 
quences  dlffirentes,  avec  les  trols  configura¬ 
tions  de  polarisation  possibles,  sert  de  base  de 
donnies  i  une  itude  statlstlque.  Elle  conQrme 
des  risultats  connus  sur  les  variations  Jouma- 
llires,  salsonnlires,  de  I'occurence  des  ichos, 
mals  elle  fait  igalement  apparaltre  des  risul¬ 
tats  nouveaux  sur  I'effet  de  polarisation,  la  du¬ 
rie  des  ichos  et  I'occurence  de  leur  appari¬ 
tion. 

Une  itude  plus  fine  de  la  forme  des 
ichos  oblenus  permet  de  donner  une  Interpri- 
tatlon  en  bon  accord  avec  une  thiorle  propo- 
see. 

Le  grand  nombre  de  mesures  tralties 
donne  aux  risultats  une  valldlti  des  plus  Inli- 
ressantes. 


8-2 


n  ■  SrSTEME  EXPERIMENTAL  ■  PERFOR  ■ 
MANCES 

n.l.PRmCIPE 


u;™  ™  Po4Go^A,^a  ,  2«- 
=  “  a  _  A — Tm  Ac‘/F 


(Any  Ro 


•  Tcrme  correctlf  tenant  compte  des  pertes 
Ac  dans  le  couplage  des  antennes  alnsl  que  du 
facteur  de  bruit  F  du  module  Tr. 


b)  Dans  le  cas  blstatlque,  remission  est 
continue.  Tc  =  Tm.  Les  aSrlcns  sent  d6dl6s  4 
I’fimlslon  ou  S  la  rteeption. 


(3) 


La  comparalson  de  ces  deux  cas  nous 
conduit  d  consld6rer  le  rapport 

Wrb 


Figure  1  Syst^me  radar  VHF 


Wrni 


Le  systime  experimental  est  represente  sur 
la  figure  1., 

SI  Po  est  la  puissance  dlsponlble  h 
remlss*°*^'  puissance  Pr,  re?uc  est  donnee 
par  la  relation 

PoGtGrX^o  rn 

Pr= - * - 

(4x)3  Ro 


r  TF  (P=1.5dB,Ac=ldB)(4) 


La  solution  blstatlque  oflre  un  bllan 
energeuque  toujours  plus  favorable  (a  <  1/2). 
De  plus  elle  a  I'avantage  d'une  senslblllte  Inde- 
pendante  de  la  distance  d'observatlon  due  d  la 
fenetre  de  reception. 

C'est  done  cette  solution  qul  a  dte  rete- 

nuc. 


ou  Gt,  Gr  ;  gain  des  antennes  4  remission 
ct  la  reception 

o  :  Surface  radar  equlvalentc 

Ro  :  Distance  de  la  trainee  au  syste¬ 

ms 

X  :  Longueur  d'onde 

Solt  Tc  la  duree  du  signal  emls.  L'ener- 
gle  regue  par  mesure  sera  alors  Wr  =  Pr  Tc. 

Le  rapport  signal  sur  bruit  apres  demo¬ 
dulation  est  dlrcctement  proportlonncl  A  cette 
energle. 

-5-  _  avec  No :  Denslte  spectralc 
N  No  du  bruit 

a)  Dans  le  cas  d'un  fonctlonnement  mo- 
nostatlque,  les  deux  aerlcns  peuvent  etre 
alors  groupes  (Gt  =  2  Go  =  Gr)  et  etre  utilises 
altematlvement  pour  remission  puls  pour  la 
reception. 

Dans  ce  cas  Tc  =  "Dn  <1/2  TYn  ou  Tm 
est  la  duree  du  cycle  et  I'energle  regue  par 
mesure  Wrm  vaut : 


n.  2  IE  SIGNAL 

On  a  cholsl  d'elTectuer  une  modulation 
de  phase  blpolalre  par  un  code  A  enchalne- 
ment  dont  la  fonctlon  de  correlation  est  A 
points  unique.  Cette  technique  est  parfalte- 
ment  adaptee  A  remission  continue  et  permet 
d'obtenlr  le  mellleur  bllan  eneigetlque  en  equl- 
pant  le  recepteur  d'un  demodulateur  ssyn- 
chrone  ct  d’un  correiateur  numerlque  A  deux 
voles  (reelle  et  Imaglnalre). 

Les  codes  utilises  sont  caracterlses 

par ; 

La  duree  d'un  moment  du  code ;  Tr 

Le  nombre  de  moments  :  Nr  =  2"  - 1 
ne{4,  5.  6.7.8) 

La  duree  de  la  sequence  :  Tc  =  Nr.Tr. 

Le  gain  de  correlation  G  :  G^  =  2"  - 1 
A  condition  que  la  bands  passante  du 
recepteur  solt  adaptee  au  code 
(2B=  l/TY). 
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n.3.  UMrTE  DU  SYSTEME  BISTATigVE 


Le  couplage  cntre  I'ftmettcur  et  le  rtcep- 
teur  introdult  deux  prlnclpales  limitations  au 
systfeme. 

a)  Sur  la  senslblllt6 

b)  Sur  la  dynamlque 

a)Le  signal  E  d  la  sortie  du  dimodula- 
teur  synchrone  est :  E(t)  =  B(t)  +  b(t)  +  s(t). 

ou 

B ;  Signal  broulUeur  provenant  dlrecte- 
ment  de  1'  6metteur. 

b  ;  Bruit  suppose  gausslen  d'orlglne  ga- 
lactlque,  Industrlelle  et  dlectronlque. 

c  :  Slgnsd  utile  (6cho). 


De  la  compression  (par  le  correlateur) 
des  dlffdrents  slgnaux,  rdsulte  sur  chacune 
des  deux  voles  (figure  2). 

-  Pour  B(t) :  Un  signal  p6rlodlque  A(t) 

,  polnte  unique  de  gain  de  traltcment 


B 

Smln= -  + 

g2 


3,16 

G 


(6,  a=3.16G 


-SI  le  broulUage  est  fort,  B  »  ab,  la  sen- 
slblllt6  du  systftme  est  digrad^e. 

-Sinon.  B  «  a  b.  la  senslblllti  du  r6cep- 
teur  ne  d6pendra  que  du  bruit  amblant. 

Ces  performances  sent  r6sum6es  dans 
le  Tableau  1  et  les  courbes  de  la  Figure  3. 


CODE  DE  LONGUEUR 

n 

15 

4 

31 

5 

63 

6 

127 

7 

255 

8 

B  >  a  b  s  min  (dB) 

B-235 

B-30 

B-36 

M2 

B-48 

a(dB) 

22 

25 

28 

31 

34 

B  <  a  b  s  min  (dB) 

b-1.8 

b-5 

b-8 

b-Il 

b-I4 

Tableau  1 


-  Pour  b(t)  :  Un  signal  gausslen  (Gg(t) 

-  Pour  s(t)  :  Un  signal  p6rlodlque  y(t)  & 
polnte  unique  de  gain  de  traltement  G^. 


b)  Compte  tenu  de  la  quallt6  souhaltde 
pour  les  mesures,  aucun  des  6tages  ne  dolt 
Mre  susceptible  d’fttre  saturft.  La  dynamlque 
du  syst6me  est  llmltie  par  la  partle  num6rl- 
que. 


Figure  2 


L'6num6ratlon  des  dllTdrents  slgnaux  se 
prisentant  &  I’entrfce  du  convertlsseur  analogl- 
que  numferlque  conduit  &  Equation. 


D>iumique  louhtiuble  du  lyilime  ndir 

N 


B  +  b„„  +  DSmi„ 


Sitm)  Binnufli 
diidif 

Amplitude  afte  du  bruit 


Signal  brouilleur 


Dynimique  du  CAN 


D’apris  (6) :  s  min  » 

G‘ 

On  prendra  b  max  =  b  +  10  dB  =  3, 16  b. 


On  prend  alors  le  crltfere  de  ditectlon  sul- 
vant;G  s  >  B  +  (Gb  +  10  dB)  ou  s,  B  et  Gb  re- 
pr^sentent  les  nlveaux  Indlques  sur  la  figure 
2. 

I-e  seuU  minimum  de  detection  vaut 
alors: 


D'autre  part,  si  on  veut  uUllser  le  corrd- 
lateur  au  niveau  thiorlque  de  ses  capacltis,  11 
faut  mlnlmlser  le  bruit  de  quantification  Issu 
de  la  conversion  analoglque  numiiique.  s  min 
est  alors  quantlfli  sur  3  bits.  Les  courbes  de  la 
figure  4  donnent  la  dynamlque  du  systime  en 
fonctlon  du  niveau  B.  (Pour  Po  =  1  KW,  Dn  = 
512,B<ab). 


-IIS 


-!00  >78  -SO  -IS  Ml  28  60  78  lOO  126 

Figure  8(b) 


Figure  8(c)  Analyse  spectrale  haute  resolution 
Fichier  Nardeaux,  echo  n°86, 16  ech. 
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En  conclusion,  la  falsabllltd  d'un  radar 
blstatlque  est  fortcment  condtUonnee  par  le 
decouplage  cntre  I'inietleur  (E)  et  le  reccteur 
(R). 

Pour  cela,  les  deux  stations  out  et6  61ol- 
gnfees  de  7  km.  Chaque  afirlen  est  constitud 
d'un  mini  idseau  de  deux  antennes  yagi  5  dl6- 
ments  sdpardes  de  3  A./2  toutes  paralldles  (dl- 
rlgdes  vers  la  zone  du  del  d  observer)  et  per- 
pendlculalre  d  une  Ugne  passant  par  les  sta¬ 
tions  E  et  R.  afln  de  conjuguer  la  dlrcctlvltd 
des  anteimes  avec  la  mise  en  opposition  de 
phase  des  ondes.  Issues  de  chaque  antenne, 
dans  I'axe  E-R 

La  ptddslon  de  I'lnstallatlon  des  an¬ 
tennes  d  3  X/2  n'dtant  pas  suillsante,  le  sys- 
time  d'  dmlsslon,  comme  celui  de  idception, 
est  spdclalement  constrult  pour  accordcr  les 
phases  et  les  nlveaux  des  slgnaux  des  deux 
antennes.  On  atteint  ainsi  des  ddcouplages, 
entre  les  deux  stations,  de  I'ordrc  de  -  160  dB 
malgr6  la  prdscnce  de  trajets  multiples  et  de 
variations  de  propagations  dans  la  Joumde. 


c)  Synchronisation  des  deux  stations 

Le  calage  des  deux  codes  (le  code  dmis  et 
la  rdpUque  du  corrdlateur)  s'effectuc  en  temps 
rdel.  La  visualisation  sur  un  oscilloscope  du 
signal  corrdld  (voir  figure  2)  pcrmet  en  "volani" 
ou  en  ajoutant  un  moment  du  code  rdpUque, 
de  ddplacer  la  pointe  de  B(t)  &  I'origine  des 
temps  (point  de  corrdlatlon  n”!). 

Une  synchronisation  des  stations  a  dtd 
obtenue  en  asservlssant  les  pUotes  suf  une 
dralssion  radlophonlque  (France-lnter)  a  I’alde 
d'un  systdme  A  verroutllage  de  phase,  afln  de 
pouvoir  garantlr  un  ddphasage  constant  cntre 
les  deux  pUotes. 


1 1..4  -LB  MATERIEL  •  SBS  PERFORMARCBS 

Les  adrlens  ddcrlts  plus  haut,  sont 
constltuds  d'aiitenncs  Yagl  5  dldmcnts  de 
galn/lsotrope  de  10  dB,  d'anglc  d'ouverturc  4 
3  dB  de  I'ordrc  de  50®.  Deux  campagnes  de 
mesures  4  I'alde  d'un  petit  avion  ont  permls 
d'assurer  la  botme  association  des  antennes 
deux  par  deux.  Nous  avons  pu  dgalemcnt  tra¬ 
cer  un  certain  nombre  de  diagrammes  de 
rayonnement  des  mini  riseaux.  des  sites 
ii^sslon  et  reception,  aussi  blen  en  <I6vatlon 
qu'en  azlmut. 

Quelques  exemplalres  de  ces  courbes 
sont  reprisentis  figure  5. 

L'imetteur  est  constltu6  d'unc  partie 
commune  (alimentation,  excltateur,  synthise 
de  frequence)  et  de  deux  chaines  d'ampllllca- 
tlon  resUtuant  500  Watts,  sur  chaque  an¬ 
tenne. 


Chacune  des  chaines  d'ampllflcation  est 
separement  asservie  en  puissance.  Un  depha- 
seur  variable  sur  une  vole  permet  de  rattraper 
les  ecarts  de  phase  d'une  (*aine  par  rapport  A 
I'autre. 

La  stablllte  en  puissance  et  en  phase 
sont  respectivement  tnferleures  A  5%  et  2® 
apres  une  heure  de  fonctionnement. 

La  partie  analoglque  du  recepteur  est 
constltufie  de  deux  sous-ensembles : 

-Une  tftte  HF  dont  le  but  est  de  transpo¬ 
ser  le  signal  repu  A  une  fr6quence  intermd- 
dlalre  de  100  KHz. 

-Un  ddmodulateur  synchronc  resUtuant 
la  partie  rielle  et  Imaglnalre  du  signal  en 
bande  de  base. 

Le  facteur  de  bruit  de  I'ensemble  est  de 
7  dB.  Le  bruit  galactlquc  et  Industrlel  a  6t6 
mesurd  A  dilTdrents  moments  de  la  Joumde.  11 
culmlnc  A  16  H  entre  -  156  et  -  145  dBm/Hz 
pour  ddcroitre  la  null  et  au  peUt  matin  Jusqu'A 
-  160/-  158  dBm/Hz  (solt  14  A  16  dB  au  des- 
sus  du  bruit  thermlque. 

La  partie  numdrlquc  du  systdme  de  rd- 
ceptlon  sc  ddeompose  en  deux  sousensembles: 


a)Lc  correlatcur  ou  ensemble  de  tralte- 
ment  numdrique  du  signal  est  constrult  au- 
tour  de  deux  cartes  calcul  (pour  les  parties  rd- 
elles  et  Imaglnalres  du  signal).  Une  carte  sd- 
quenceur  (AM  2910)  assure  leur  gesUon.  La 
conversion  analoglque-numdrlquc  de  chacune 
des  voles  est  effectude  sur  10  bits  slgnds,  avec 
des  temps  de  conversion  pouvant  descendre 
Jusqu'A  5  ps.  La  frdquence  d'horloge  du  conrd- 
lateur  1  /x  est  de  5  MHz.  11  est  capable  de  cal- 
culer  ne  pohjts  de  corrdlatlon  (ne  =  16.  32,  64. 
128,  256)  en  un  temps: 

T  =  (ne  +  2)  p  Nr  T 

La  durdc  TT  d'un  moment  du  code  cst 
un  multiple  entler  p  (1  A  8)  de  la  ptdode 
d'echantUlonnage  Tc.  La  longueur  du  code-  Nr 
est  ajustable  (15,  31,  63, 127,  255)  » 

La  plupart  des  mesures  ont  dtd  enec\ 
tudes  pour  Nr  =  63,  p  =  2.  Tc  =  Tr  x  Nr  =  \ 
3,9816  ms,  ne  =  128.  cc  qul  est  le  mellleur 
compromls  entre  la  fendtre  en  distance  In- 
stantande  dobsen'atlon  (0  A  600  km)  et  le 
nombre  de  mesures  par  seconde  (250). 

Ainsi  la  plage  doppler  Instantande 
d'observatlon  est : 


±  Fd  =  ±  _l—  =  ±  125  Hz. 
2Tc 
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Ce  qul  slgnlfle  qu'U  sera  possible  de  me- 
surer  des  vltesses  radlalesjusqu'a  : 

±-^|^=±350  m/s 

La  lisolutlon  en  distance  du  radar  est 

AD  =  -|-Te  =  4,74  km 


La  largeur  de  bande  du  signal  code  peut 
6trc  rfedultc  A  1/Tr.,  ce  qul  correspond  A  la 
bande  passante  optlmale  du  rdcepteur  analo- 
glque  solt  16  kHz.  C'est  Unalement  un  fUtre  de 
20  kHz  qul  a  6ti  utilise. 


b)Un  mlcro-ordlnateur  (HP  9836)  rell6  au 
corrilateur  via  une  carte  Interface  programme 
le  systtme  et  salslt  les  rdsultats  des  Ccrtes  cal- 
culs  A  une  cadence  de  60  000  mots  de  16  bits 
par  seconde.  Lc  stockage  sur  dlsquette  est  cf- 
fectu6  dis  que  la  m6molre  vlve  du  calculateur 
est  remplle  (cela  repriscnte  entre  1/2  heure  et 
3  heures  de  mesures  sulvant  I'lmportance  du 
nombre  des  6chos). 

Une  carte  suppldmcntalre  (carte  recon- 
nalsance  de  formes)  am61lore  le  crltSre  de  de¬ 
tection  des  Achos  par  une  analyse  du  pass6  de 
chaque  point  de  corrilatlon:  I'enreglstrement 
des  donnies  n'est  autorlsi  que  si  le  d^passe- 
ment  du  scull  d'un  point  de  corrdlatlon  per- 
slste  sur  plusleurs  prises  successlves. 

Le  radar  alnsl  contitu6  permet  d'observer 
est  ichos  de  faible  amplitude  Jusqu'A  -  130 
dBm  dans  les  cas  les  plus  favorables  (lorsque 
le  bruit  et  le  broullleur  sont  falbles)  mals  pres- 
que  touJoursJusqu'A  -  120  dBm. 

La  surface  iqulvalente  d'une  trainee 
sous-dense  en  retrodliruston  est  dennee  par  la 
relation : 

o  =  4jt 
ou 

Tg  =  2,8. 10'^®  m  rayon  elTectlf  de  leiectron 

2L  =  Longueur  de  la  premiere  zone  de 
Frenel  (m)  =  V2XRo 

q  =  denslte  Uneique  d'dlectrons  de  la  trai¬ 
nee  (m'*) 

De  requatlon  (1)  on  tire 


Pr (4 Tcl^ Ro'^ 
Po  Go2 


Alnsl  on  peut  estlmer  la  senslblllte  du  ra¬ 
dar: 


R„(km) 

300 

a  (m2) 

60 

310 

1000 

2500 

5000 

L(m) 

750 

900 

1050 

1200 

1300 

q 

misEi 

BISB 

KRIQi 

iSISSS 

5.4,10''2 

Tableau  2 


m-RESULTATS 

m.l  ANALYSE  DES  SIGNATURES  DBS 
TRAINEES  lOmSEES  DE  METEORITES 

Le  traltcment  A  posteriori  des  donnecs,  A 
I'alde  d'un  mlcro-ordlnateur  (PC  AT/286),, 
nous  a  permls  de  tracer  un  certain  nombre  de 
courbes  caractenstlqucs. 

-Variation  du  niveau  en  fonctlon  du 
temps  A  (t)  (courbe  module). 

-Evolution  de  la  phase  du  signal 
(courbe  doppler). 

-Transforraec  de  Fourier  du  signal 

.  FFT  du  signal  complet  (sur  512 
points  de  mesure  solt  2  ms) 

.  FFT  gllssantes  ( sur  32  points 
solt  127  ms  au  pas  de  16  Tc  solt 
63,7  ms), 

-Analyse  haute  resolution  du  signal. 

Quelques  cxemplalrcs  typlques  sont  re- 
presentes  figures  6  A  8. 

On  distingue  alors  trols  grandes  classes 
de  signatures  caracterlsees  pcir  leur  courbe  de 
module. 

Classe  1  :  (Figure  6)  11  y  a  apparition 
brutale  d’une  r6gion  ionisie  (tralnAe)  et  6va- 
noulssement  progresslf  sulvant  la  lot  exponen- 
tlellc  e't/^. 
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Ces  trainees  correspondent  parfaltement 
au  module  des  trainees  sous  denses  (q :  densi¬ 
ty  Unique  d'61cctron  2. 10^^  m"l).  ilaborfi  par 
MMs.  Me  Klnley  {1961)  et  Sugar  (1964). 


Dans  le  cas  partlculler  de  la  retrodlffu- 
slon,  telle  qu'elle  exlste  dans  les  systSmes  ra¬ 
dar,  la  premiere  zone  de  Fresnel  (8)  (figure  9) 
est  donnee  par  la  relation ; 


Dans  ce  cas 


32j?D 


ou  D  est  la  constante  de  diffusion. 

Classe  2  (Figure  7)conune  preeddem- 
ment  11  y  a  apparition  brutale  d'une  rdglon  lo- 
nlsde,  puls  le  pouvolr  de  rdflexlon  de  cette  per¬ 
turbation  varle  trds  peu  (augmente  ou  dimlnue 
falblement)  pendant  un  temps  inddtermind, 
pour  enfln  ddcroltre  rapldement,  ce  qul  carac- 
tdrlse  une  tralnde  sur-densc  (q  >2.10^^  m'* ) 

Classe  3  (Figure  8)  dans  cette  classe 
sont  regroupdes  les  signatures  partlculldres 
tradulsant  I'exlstence  de  phdnomdnes  plus 
complexes.  L'analyse  des  spectres  de  ces 
dchos  met  cn  dvldence  la  prdsence  de  plu- 
sleurs  rales,  erdant  alnsl  des  Interfdrences. 
L'origlne  de  ces  subdivisions  semble  dtre  cau- 
sde,  essentlellement,  par  un  clsalllement  de  la 
trainde  par  les  vents  vlolents  des  hautes  alti¬ 
tudes. 

La  plupart  des  dtudes  consacrdcs  au  su- 
Jet  font  gdndralement  abstraction  du  temps 
d'dtabllssement  des  tratndesjugd  inutUtsable  d 
cause  des  variations  trds  grandes  du  doppler 
et  de  I'ampUtude  du  signal  re(u.  Cependant, 
l'analyse  de  la  phase  de  formation  de  la  trai¬ 
nde  nous  a  paru  Intdressante,  car  elle  peut 
dtre  susceptible  de  prdvoir  I'dvolutlon  de  la 
phase  de  perslstance  et  done  d'dvaluer  la  ca- 
pacltd  du  canal  de  transmission. 


111,1, l,Moddll8«tlon  de  U  trainde 

Les  dchos  radars  obtenus  sur  les  trai- 
ndes  lonlsdes  erdds  par  les  metdores  permet- 
tent  d'interprdter,  au  molns  partlcllement,  le 
mdcanlsme  de  formation  et  le  ddveioppement 
de  la  trainde  alnsl  que  le  mouvement  des  par- 
tlcules  neutres  dans  la  haute  atmosphdre. 


L  = 


]l/2 


ou 

L  est  la  longueur  de  la  deml-zone  de 
Fresnel 

X  la  longueur  d’onde 
Ro  la  distance  mlnimale  de  la  trajectotre 
du  mdtdore  au  radar.. 


Dans  le  cas  des  traindes  sous-denses. 
qul  constituent  la  majeure  partle  des  traindes 
observdes,  la  puissance  regue  Pr,  aprds  forma¬ 
tion  de  la  trainde  est  llde  &  la  puissance  dmlse 
Po  par  la  relation 


Po 


2  2 
q  cos^H 


exp( 


-  ro^  \ 

n? - ) 


(9) 


,-32n2 

MP  V  ^2 


D(t.|o)) 


OU 

K  (=  2,48.10-32  nj2  )  u^e  constante 
dddulte  des  paramdtres  physiques 
du  processus  de  crdatlon  de  la  trai¬ 
nde  et  de  I’dquatlon  du  radar. 

ro  le  rayon  Initial  de  la  trainde  donnde 
par  la  relation  emplrlque  |4| 
log  ro  („,)=  0,035  h  -  3,45. 

D  la  constante  de  diffusion  ambipo- 
lalre  donnde  par  la  relation  emplrl- 
que  123) 

D  (m2/s)  ~  0,067  h-56. 


111,1.  l,a  ModdUsatlon  du  processus  de  per¬ 
slstance  de  la  trainde 

Des  relations  relatives  au  ddveioppement 
des  traindes  aprds  leur  formation  ont  dtd  ddve- 
loppdes  par  dllTdrents  auteurs  et  on  peut  trou- 
ver  une  excellente  synthdse  dans  I'artlcle  de 
D.W.  BROWNS  et  H.P.  WILLIAMS  (4)  alnsl  que 
dans  celul  de  G.M,  MILLMAN  (8). 


p  Tangle  entre  les  axes  de  polarisa¬ 
tion  supposdes  rectUlgnes  aux  an- 
tennes  d’dmlsslon  et  de  rdceptlon. 

t-to  ^  Y  le  temps  mesure  k  partir  de  Tln- 
stant  ou  le  mdtdore  est  k  la  dis¬ 
tance  Ro  de  Tdmetteur  et  lorsqu'il  a 
traversd  totalement  la  premiere 
zone  de  Fresnel. 
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Ces  relations,  comparees  a  celles  va- 
lables  cn  liaisons  blstatlques.  montrent  que 
les  dur€es  des  trainees  Te  mesurees  lorsque  la 
puissance  regue  est  redulte  dans  le  rapport 
l/e^  par  rapport  i  sa  valeur  tnaxlmale  et  don- 
n6e  par : 

X2  ('0) 

Te= - 

16n^  Dcos2<> 

sont  notablement  plus  falbles  en  retrodlflu- 
slon  qu'en  transmission,  d'une  part  a  cause 
du  facteur  cos^  (j)  (cos^  iji  =  1  en  rfitrodlffuslon, 

cos2  ^  =  0,05  pour  une  liaison  de  1000  km)  et 
d'autre  part  A  cause  de  la  reduction  de  la  lon¬ 
gueur  de  la  premiere  zone  de  Fresnel. 

in.l.l.b  Mod^Usation  de  la  formation  de  la 
trainee 


Figure  9  Geometrie  d’une  prodiffusion 
(j>  Angle  d'incidence 

p  Angle  entre  I'axe  de  la  trainee  et  le  plan  de 
propagation  PER 

Angle  entre  I'axe  de  la  trainee  et  le  plan 
perpendiculaire  a  OP: OP'  ou  deviation  speculaire 


L'fitude  des  trainees  metSorlques  A  I’alde 
d'un  radar  permet  d'obscrvcr  la  formation  des 
trainees.  c'est-A-dlre  le  dfevcloppement  de  la 
trainee  lorsque  le  m6t6ore  traverse  la  premlfere 
zone  de  Fresnel  (voire  les  sulvantes). 

SI  un  mobile  se  d6place  A  une  vltesse  V 
unlforme  sur  une  trajectolre  rectlllgne  (figure 
10).  la  frequence  doppler  mesur6e  par  un  ra¬ 
dar  s’exprlme  par ; 

Fd  =  Fd  max  I^rclg  ^  (t-to)]  (1 1) 
Ro 

ou 

max  -  2  V  fo/c 
fo;  frequence  d'femlsslon 
c:  c616rlt6  de  la  lumlfere 
toi  instant  ou  Ic  mobile  passe  « la  uls- 
tance  Ro  du  radar. 

Cette  relation  conduit  dlrectemenl  A 

Vr  =  V  sin  (Arctg  X_(t-to)]  (12) 

Ro 

vltesse  radlale  de  la  clble. 

L'acc616ratlon  apparente  de  la  clble : 


tg‘f'max=  ii_  = 

Ro  2Ro 

A  53  MHz,  pour  un  objet  se  dfeplagant  A 
25  km/s  on  obtlent  le  tableau  cl-dessous  ou 
T2l  :  temps  de  traverscc  de  la  zone  de  Fres¬ 
nel. 

Au  volslnage  de  la  zone  de  Fresnel 

*?«  Ird.  „2 

done  Vr#  ^  (t-to) 


—  =—  - r - 3  [Arctg  (  —  (i-io)))(i3) 

dt  Ro  l+^(t-to)2  Ro 

Ro^ 


L'angle  (p  sous  lequel  est  vue  la  clble  par 
rapport  A  la  normale  A  la  trajectolre  est  don- 
n6e  par 


q>  -  Artg  ( ^  (t-to)  ) 


(14) 


dVr  #  (17) 

dt  Ro 


Ro  (kni) 

200 

300 

400 

500 

600 

L(ni) 

750 

900 

1050 

1200 

1300 

(pmax  (nud) 

3,75 

3.0 

2,62 

2.4 

2,15 

Tot  (ms) 

60 

72 

84 

96 

104 

L'angle  2*?  max  sous  lequel  elle  est  vue  la 
premiere  zone  de  Fresnel  est  deftnle  par  (15). 


Tableau  3 

La  vltesse  radlale  est  une  fonction  lineal- 


Figure  10(b)  Temps  d'ouverture 
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re  du  temps.  I'accfilferation  cst  constante  et  ne 
dfpend  que  de  deux  param6tres  dont  I'un. 

Ro,  est  dlrectement  accessible  par  la  mesure. 

Les  hauteurs  auxquelles  apparaissent 
les  ehos  sur  les  trainees  lonis6es  sutvent  des 
distributions  senslblement  gausslenncj^Mn- 
tr6es  sur  une  altitude  h  donnde  par  la  rela¬ 
tion  123). 

h  =  -  17  log  F  (MHz)  +  ^24 

A  53  MHz  h  =  95  km  et  I'Scart  type  de  la 
distribution  est  de  I'ordre  de  3  km.  Un  me- 
t6ore  prodult  un  dcho  si  la  premiere  zone  de 
Fresnel  de  sa  trajcctolre  est  totalement  ou 
partlellement  dans  la  zone  d'acUvlt6  ddflnle 
pr6c6demment.  On  peut  dlstlnguer  3  types  de 
trajectolres  (Fig.  1 1)  selon  que  la  premiere 
zone  de  Fresnel  cst  totalement  contenuc  dans 
la  zone  d'actlvll6  (trajcctolre  1)  ou  que  seul  le 
d6but  (trajectolre  2)  ou  la  fin  (trajcctolre  3)  se 
trouve  dans  cette  zone. 


La  phase  instantanee  vaut  alors 


<p(i)=t«»(t-  -^)-  |-  (- 


(23) 


d'oufd= 


dqKO 

dt 


(DO 


] 

RoX. 


(24) 


La  Vitesse  apparente  vaut  done 


Va=  jX_  . 

2Ro  2Ro 


soitVa=  ^ 
2 


(25) 


11  apparait  done  que  la  vltessc  apparente 
est  comprise  entre  Vr  (trace  totalement  per- 
slstante),  et  2Vr  (absence  de  perslstance). 


En  orlentant  I'axe  Mol  dans  le  sens  de  la 
trajectolre,  un  616ment  dl  de  la  traindc  cr6e 
un  signal  re?u  par  le  radar  dE(t)  que  Ton  cal- 
cule  en  prenant  compte  I'lonlsatlon  Inltlale.  la 
diffusion  amblpolalre  et  la  propagation  de 
I'onde. 

dE(t)  =  B  exp  (-t'/rlexp  (-Jlnl?). 

exp  (](oo  (t  -  -^)  ||il  (19) 
c 

oil 

B  =  (Gt  exp  ( .4«^  r2/x2)  11  q  (20) 

2r2  n 

r  =  distance  de  I'feldmenl  dl  au  radar 
r  #Ro 

re  =  rayon  effectlf  de  I’ilectron 
q  =  denslti  llnelquc  de  la  trainee  sup- 
posfie  constante  pendant  la  tra- 
versie  de  la  zone  d'acttvltfi. 

^  -■  D  est  la  constante  de 

32ii  D  diffusion 

t'  =  t'  =  t  -  to  -f  ‘/v 
1  =  I'abclsse  sur  la  trajectolre  avec 

orlglne  sur  la  normale  i  la  trajec¬ 
tolre. 

En  ndgllgeant  les  variations  de  exp  (- 
t'/tllors  de  la  traversee  de  la  deml  zone  de 
Fresnel  el  en  appelant  a  la  valeur  moyenne  de 
ce  terme :  (21) 

dE(l)  =  Ba  exp{  J222_)  |l|dl.exp  (-jw  o  (t-R(V2)) 

RoX 

pour -2  <l<o 

.  B  RoXa  .  r  «  1^  (22) 

sm  [^(1-.^  )] 

exp0[(0o(t-  j-(l-  )1) 


in.l.l.c  Forme  dee  6chos 

Compte-tenu  des  relations  (11)  (12)  (22) 
(2.5)  la  forme  des  fechos  peut  £tre  dfetermlnfie 
et  failure  gdnfirale  est  celle  reprfeentde  sur  la 
figure  12. 


Figure  11 


Dans  la  phase  de  formation  de  la  trai¬ 
nee.,  I'ampUtude  croit  (relation  22)  et  la  vltesse 
apparente  mesurfee  sur  la  frequence  doppler 
InstiuilanSe  dfecroit  lln^alrement  (formule  16). 

La  Vitesse  du  m6t6ore  se  dedult  de  la  vl¬ 
tesse  apparente  par  la  relation 

V=  [2Ro-^[3-] 


8  10  12  14  16  18  20  22 


Figure  11(a)  Nombre  de  train6es 


MODUUC  >  -  120cteH» 

\  *  >  D  r»» _ 


8  10  12  14  16  18  20  22 


Figure  11(b)  Temps  d’ouverture  %o 
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Un  calcul  simple  donne  Tangle  v  (fig.  1 1) 
qul  pemet  de  detennlner  les  types  de  trajec- 
tolre  1,  2  ou  3.  Si  V  gjjj  est  la  vltesse  mqyen- 

nee  de  la  phase  de  formation,  alors 


y# 


2  Vajn 

iRo  ^  1 


Dans  la  phase  de  perslstance  de  la  trains 
la  Vitesse  apparente  est  celle  du  vent  de  partl- 
cules  neutres.  Lorsque  les  vents  de  cisallle- 
ment  apparalssent,  cette  trace,  comme  le 
montre  les  risultats  expdiimentaux  fait  appa- 
raltre  des  composantes  spectralcs  multiples. 


in,l,l.d  Rdsoltats  exp£rlmentauz 

Trols  types  de  r6sultats  sont  pr6sent6s 
sur  les  figures  6,  7  et  8. 

La  figure  6  donne  la  signature  d'une  trai- 
n6e  sous-dense  d<tect6e  d  une  distance  de  171 
km.  On  peut  noter  Tallure  caracWrlstlque  de  la 
variation  d'ampUtude  et  de  la  vltesse  appa¬ 
rente  en  bon  accord  avec  le  module  propo- 

s6.Les  mesures  de  et  de  V  am  donnent 

V  a  45  km/s  et  y  =  1,7  mrd,  valeurs  que  cons- 
olldent  les  estimations  classlques.  Dans  la 
phase  de  perslstance,  la  trainee  est  d6placie 
par  un  vent  de  partlcules  neutres  de  vltesse  20 
m/s.  L'lmage  haute  resolution  montre  Texls- 
tence  d'une  seule  rale. 

Les  figures  7  dorment  une  representation 
semblable  pour  une  trainee  sur-dense  detectee 
4  une  distance  de  275  km.  Les  calculs  Identl- 
ques  aux  precedents  dorment  V  =  43  km/s  ,  y 
=  6  mrd.  La  perslstance  de  la  trainee  montre 
Tabsence  de  composante  radlale  de  vent. 
L'analyse  spectrale  et  Tanalyse  haute  resolu¬ 
tion  montrent  revolution  de  TelTet  doppler  qul 
met  clalrement  en  evidence  les  phases  de  for¬ 
mation  et  de  perslstance. 

Les  figures  8  montrent  un  cas  plus  com- 
plexe  d’une  signature  obtenue  en  presence  de 
deux  composantes  de  vents  neutres,  4  une 
distance  de  detection  de  398  km.  La  phase  de 
formation  dorme  V  =  51  km/s  et  y  =3  mrd. 
L'analyse  spectrale  et  Tanalyse  haute  resolu¬ 
tion  montrent  Tevolutlon  raplde  du  doppler 
dans  la  phase  de  formation  et  dans  la  phase 
de  perslstance  Texltence  de  deux  rales  qul  tra- 
dulsent  la  presence  de  deux  composcuites  ra- 
dlales  du  vent. 


Figure  12 


m.2.  ANALYSE  STATISTIQVE  DBS 
TRAINES  lONISBES  DEMBTEORES 

L’cnsemble  des  experimentations  est  re- 
capltuiee  dans  le  tableau  4.  Elies  representent 
au  total  139  heures  de  mesure  et  Tenreglstre- 
ment  de  plus  de  1 1000  trainees. 

On  salt  que  le  nombre  N  des  trainees 
detectees  depend  de  la  senslblllte  S  du  recep- 
teur  alnsl  que  de  la  nature  de  ces  trainees. 

Pour  les  trainees  sous-denses 


Pour  les  trainees  sur-denses 
(q>  2.10J‘’m-l )  :NocS-2 

ou  S  est  le  seull  de  detection  exprime  en 

watt. 

En  pratique,  le  systeme  ne  falsant  pas 
la  distinction  entre  les  deux  types  de  trainees 
N-xS 

If"  variera  entre  -  1  et  -  4  en  fonctlon  de 
la  proportion  de  trainees  sous-denses. 

Par  extension,  on  peut  exprimer  Dc,  le 
taux  d’ouverture  du  circuit  (c'est-a-dlre  le  rap¬ 
port  du  temps  d'utlllsatlon  du  canal  au  temps 
d'observatlon) : 

Dc  oc  s 


(FEVRIER)  (FEVRIER) 
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heures 


Figure  12(a)  Nombre  de  train6es 


Figure  12(b)  Temps  d’ouverture  %o 


8 


10 


16  18  20  22  24 

heures 


Figure  13(a)  Nombre  de  trainees 


t7 


8  10  12  14  16  18  20  22  24 

heures 


Figure  13(b)  Temps  d’ouverture  %< 
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-  Les  courbes  dc  la  figure  15  montrent  la 
variation  du  temps  d'ouverture  du  canal  en 
fonctlon  des  seuUs  de  d6tectlon.  On  remarque 
trte  nettement  que  pour  des  seulls  falbles 
(-120  dBm  &  •  105  dBm)  la  proportion  de  trsd- 
nies  sous-denses  est  tmportante.  Le  calcul  de 
Yd  donne  des  valeurs  proches  de  -  1,7.  Par 
contre,  lorsque  le  seuU  est  important,  yd  aug¬ 
ments:  pour  un  seuU  S  de  -  95  dBm,  Yd  vaut 
-  4.  La  proportion  de  trainees  sur-denses  est 
alors  proche  de  100%. 


in.2.a  Repartition  Joumailtre  et  Mlion- 
nltre 

Les  variations  salsonnieres  apparalssent 
en  conformlte  avec  les  observations  faltes  par 
le  passe  :  maximum  en  AoOt,  minimum  en  Fe- 
vrler. 

Les  graphlsmes  (figures  10  &  13)  donnent 
les  variations  Joumalieres  pour  dUTerentes  sai- 
sons  (respcctlvement  Aout  et  Septembre  1989 
alnsl  que  Fevrler  et  Avrll  1990). 

Les  cycles  Joumaliers  apparalssent,  dans 
leur  ensemble,  conformes  &  ceux  signaies  par 
divers  auteurs  (David  W.  BROWN  1985,  Lloyd 
VANCIL  1984).  On  distingue  un  maximum 
d'actlvlte  vers  6  H  du  matin  et  un  minimum  i 
18  H  (heure  du  solell). 

Dependant  les  variations  de  ces  cycles  en 
fonctlon  des  salsons  montrent  des  fluctua¬ 
tions: 

-  Lorsque  I'acttvltd  moyenne  dlmlnue,  les 
variations  Joumaliires  sont  molns  Importantes 
(tableau  5). 

-  Superpose  &  cette  activity  moyenne  ap- 
parait  une  forte  concentration  de  tralnies  tr«s 
iocalls6es  dans  le  temps  (date  et  heure)  corres- 
pondant  i  des  plules  de  m6tiores,  r6perton6es 
dans  la  literature.  Alnsl  au  mols  d'Aoflt,  en 
plelne  ptrlode  des  PersSIdes,  le  taux  d'ouver¬ 
ture  du  circuit  et  multlpUi  par  3.5  S  9  H,  Ce- 
pendant,  on  peut  noter  au  mols  d'Avrll  une  ac- 
tlvlt6  importante  entre  8  H  et  15  H  avec  un 
maximum  d  10  /  1 1  H,  alors  qu'aucune  plule 
de  m6t6ores  importante  n'est  coimue.  Les  va¬ 
riations  importantes  et  inattendues  du  taux 
d'ouverture  (rapport  4)  et  du  nombre  de  trai¬ 
nees  (rapport  3)  ne  sont  done  pas  expliqu^es. 

Le  tableau  6  represente  les  variations 
d'un  certain  nombre  de  parametres  slgnlflca- 
tlfs  en  fonctlon  dc  I'hcurc  pour  dlfferentes  se¬ 
ries  de  mcsurcs  dans  I'annee.l  Pour  S  =  -  115 
dB  et  une  duree  mlnlmalc  des  echos  de  100 
ms). 


N  :  le  nombre  dc  trainees  par  heure 
Dc :  le  taux  d'  ouverturc  du  circuit  en%o 


Pm  :  la  puissance  mqyene  detectec  fW 
yn  et  yd.  les  deux  exposants  decrlts  plus 

haut 


A  priori,  11  nc  semble  pas  y  avoir  une  re¬ 
lation  simple  entre  I'actMte  meteorique  et  I'ex- 
posant  yd  ou  yn,  c'est-&-dire  de  la  proportion 
de  trainees  sous-denses  par  rapport  aux  sur- 
denses.  On  remarque  que  les  perturbations  du 
mois  d'AoOt  et  d'Avrll  ne  sont  pas  de  mCme  na¬ 
ture:  pour  des  seulls  S  Inferleurs  &  -  110  dBm 
yd  est  trts  falble  au  mols  d'AoOt  (-  0,95)  par 
contre.  11  est  Important  au  mois  d'Avrll  (-  2). 
Alnsl.  la  puissance  moyenne  regue  au  mols 
d'Avrll  varle  peu  (rapport  3).  contralremcnt  au 
mols  d'AoOt  (rapport  36 1). 


III.2.b  Influence  de  la  polarisation 

Le  tableau  7  (N  et  Dc  sont  donnes  pour 
S  =  -115  dB  et  une  durfee  des  6chos  >  KX)  ms) 
montre  que  la  polarisation  horlzontale  est  net¬ 
tement  plus  favorable,  conform6ment  aux  obs¬ 
ervations  effectuies  par  d'autres  auteurs  (131. 

yd  et  yn  sont  plus  falbles  en  polarisation 
horlzontale,  le  rapport  d'efllcaclti  entre  les 
deux  polarisations  s'accentuc  done  avec  I'aug- 
mentatlon  du  seuU  de  ditectlon. 

L'accrolssement  de  la  surface  radar  iqul- 
valcntc  en  p')larl$atlon  horlzontale  repousse 
done  le  seuU  dc  d6tectlon  des  traln6cs  sous- 
denses  vers  des  nlveaux  sup6rieurs,  ce  qul 
contrlbue  &  dimlnuer  y  n  et  yd. 

Les  r6sultats  des  experiences  en  polari¬ 
sation  crols6e  montrent  le  falble  effet  de  dipo¬ 
larisation. 

Les  tableaux  8  ricapitulent  les  mesures 
effectuies  au  mols  d'AvrU  pour  dlffirentes  po¬ 
larisations,  dlflirents  seuUs  de  detection  et  dif- 
firentes  duries  d'ichos: 

-  Le  nombre  N  de  trainees  en  % 

-  Le  taux  d'ouverture  Dc  en  %o 

-  Le  temps  d'attentc  entre  deux  mitiorcs 
en  minutes. 
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I1I.2.C  Influence  de  la  frequence 

L’expression  des  constantes  de  temps  de 
la  loi  de  decrolssance  exponentlelle  des  tehos 
(t  ct  x'h  donne  pour  les  deux  frequences  de 
travail 


z'  =  23,5  ms  i  40  MHz 

X  =  18,5  ms  S  53  MHz, 

Les  graphlques  (14)  reprdsentent  la  re¬ 
partition  des  trainees  de  classe  1  en  fonctlon 
AT 

de  Icur  pentc  Pc  = -  (variation  de  leur  du- 

ree  /  variation  du  scull  de  detection). 

On  constate  alors,  que  la  courbe  passe 
par  un  maximum  entre  7  et  8  ms/dB  4  53 
MHz,  et  entre  8  et  9  ms/dB  S  40  MHz.  SI  on 
tlent  compte  du  temps  de  montee  des  echos 
(de  I'ordre  de  3  ms/dB)  on  retrouve  : 


Pc'  #  5.5  ms/dB  soil  x'  #  24  ms 
Pe  #  4.5  ms/dB  soil  x  #  20  ms. 


D'autre  part,  les  tableaux  9  montrent 
qu'U  y  a  un  rapport  m  =  3.3  sur  le  nombre  de 
trainees,  et  un  rapport  rd  =  3.9  sur  le  taux 
d'ouverture  du  circuit  (pour  un  seull  S  =  -  115 
dBm,  et  une  duree  mlnlmale  des  echos  de  100 
ms). 

Si  on  exprime  Dc  en  fonctlon  de  x  et  de  N 
Dc«  N X 

dans  ce  cas  rd  rn 


40  MHz.ce  qui  explique  d'une  part  que  rm  >  rd 
et  d'autre  part  que  recart  d'efllcaclte  du  sys- 
temc  s'accrolt  avcc  le  scull  S  (comme  le 
montre  les  tableaux  10). 

III.2.d  Influence  de  I'orlentatlon 

Les  mesures  elfectuees  A  I'ouest  dans  les 
mSmes  conditions  que  celles  faltes  d  Test  et 
dans  un  tntervalle  dc  temps  assez  court  n'ont 
pas  montre  de  variation  sensible.  Ce  resultat 
verlfie  en  dehors  des  pluies  de  meteorcs  est  en 
bon  accord  avec  I’hypothese  d'lsotrople  des 
flux  de  meieores  Isoies. 


CONCLUSION 

L'etude  presentee  dans  cette  communi¬ 
cation  a  ete  menee  avec  un  igrsteme  experi¬ 
mental  sensible  qul  a  permis  de  collectlonner 
plus  de  1 1000  signatures  de  trainees  meteori- 
ques  ct  d'elTectuer  une  etude  fine  grflce  A  des 
analyses  cohercntes. 

Les  phases  de  formation  et  de  pesls- 
tancc  des  trainees  ont  pu  fttre  separees  et 
leur  analyse  a  fouml  des  Informations  sur 
leur  Vitesse,  leur  orientation  ct  les  mouve- 
menls  des  particules  neutres  en  haute  alti¬ 
tude. 

Une  etude  statlsUque.  conflrmant  les  re- 
sultats  publies  par  dlfferents  auteurs,  a  four- 
nl  des  compiementaircs  sur  la  repartition  des 
trainees,  les  proportions  des  trainees  sur- 
denscs  ct  sous-denses  et  sur  les  temps  d’ull- 
lisatlon  du  canal  en  retrodllTuslon. 

Ccs  resultals  apportcnl  une  mcllleure 
comprehension  des  phenomenes  et  consti¬ 
tuent  une  etape  dans  I'approche  de  la 
conception  de  systemes  operatlonnels,  I'un 
des  objectlfs  ultime  de  ces  etudes. 


L' experience  nous  donne  x’  /  x  #  1.2  et 
rd  /  rjj  =  1,18. 

Le  rapport  des  energies  regues  est  de  rm 
=  4,2  (tableau  9).  rm  comme  rd  est  de  I'ordre 

de  ( ^  =  3,9  (X  etant  la  longueur  d'ordre  A 

K 

53  MHz  et  V  A  40  MHz). 


Tous  ces  resultats  montrent  une  Ires 
bonne  coherence  entre  resultats  experlmen- 
taux  et  les  relations  actuellement  admises. 

Le  calcul  de  7n  et  yd  ( tableau  9  )  pour 
des  seuUs  falbles,  montre  que  la  proportion 
de  trainees  sous-denses  est  plus  Importante  A 
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Mesures  en  Retrodiffusion 


Dates 

Polarisation 

Orientation 

Frequence 

10/OS  -  13/08/S9 

Verticale 

110*  Est 

53  MHz 

01/09  -  07/09/89 

Verticale 

1 10*  Est 

53  MHz 

18/10  -  23/10/89 

Verticale 

110*  Est 

53  MHz 

23/10/89 

KorizM^tale 

110*  Est 

53  MHz 

02/11/89 

Verticale 

110*  Est 

33  MHz 

07/11  -  09/11/89 

Verticale 

70*  Quest 

53  MHz 

01/12  -  11/12/89 

Verticale 

110*  Est 

40  MHz 

20/02  -  08/03/90 

Verticale 

134*  Quest 

53  MHz 

10/04  -  17/04/90 

Verticale 

46*  Est 

53  MHz 

18/04  -  23/04/90 

Croisee 

46*  Est 

53  MHz 

26/04  -  02/03/90 

Horizontale 

46*  Est 

53  MHz 

Tableau  4 

Rapport  d'activit^  m4teorique  entre  6h  et  18h  (heure  du  soleil) 


Nombre 
de  tramps 
moyen  par 
heure  (N) 

Rapport 

Taux 

d'  ouverture 
moyen  (Dc) 

Rapport 

A&it  • 

70 

6,6 

10 

9,5 

Septembri 

30 

4 

8 

6,3 

Mars 

20 

2,5 

2,5 

2 

Avril* 

15 

2 

2,5 

1 

Tableau  5 

Variation  de  I'activitd  mMborique  en  tonction  de  I'heure 


N 

Dc 

Pm 

m 

Yd 

Avril 

15  h  it  18  h 

7,5 

OM 

18,5 

-  1,5 

-  1,5 

Uha  |4h 

29,5 

2,88 

52,5 

■  1,5 

-  1,7 

10  h 

40 

4,27 

62 

-  1,5 

-  2 

AoOt 

16  h  a  24  h 

12,5 

1,79 

34,5 

-  1,5 

-  1,5 

5h  a  8  h 

47,5 

7,08 

184 

•  1,5 

-  1,5 

9  h 

66 

23,03 

1267 

-  0,8 

-  0,95 

Septembre 

lOh  a  24  h 

14,5 

4,28 

17 

-  1,5 

-  1,3 

3  h  a  5  h 

31 

7,38 

104 

-  1,2 

-  1 

Tableau  6 

Cornparaison  entre  un  sondage  en  polarisation  verticale  et  horizontals 
(mesures  effectu^s  entre  8h  et  12h) 


N 

Dc 

Pm 

'<0 

Octobre  Verticale 

12,5 

1.15 

18 

-  1.9 

-  2 

Horizontal! 

21 

2,52 

85 

-  1.2 

-  1,2 

Rapport 

1.47 

2,19 

4,7 

Avril  Verticale 

30,5 

2,92 

52,5 

-  1,3 

-  1.8 

Horizontal! 

34,5 

5,33 

159 

-  1.2 

-  1.5 

Rapport 

l,S 

1.8 

3,05 

Tableau  7 

Cornparaison  entre  un  sondage  ^  53  MHz  et  40  MHz 


Temps  d'attente 


Temps  d'ouverture 


Nombte  de  tratndes 


j>-128dBm 

>-tirdem 

>-116dBm 

>-l05dBin 

>-ie0dBm 

>-95dem 

>-90dBff.  i 

le.3'  lee 
(t>0ms  I9.68>!. 

9.6'  SAV. 
3,76V.. 

1.2'  25% 

1 .44%. 

3.1'  10% 
0.50%. 

10.9'  3% 
0.14%. 

35.8'  1% 
8.01%. 

1 

19.3'  36V. 
|t>ie0m$|8.ie>S.  ' 

2,9'  ISi. 

5.2'  4% 

1 .04%. 

13.9'  2% 
0.34%. 

55.4'  1% 
0.09%. 

0.00%. 

I 

1 

12.3'  13Z 
t>230msl<5.l95C. 

5.7'  5V. 
2.96y.. 

17.3'  2% 
0.72%. 

41.7'  1% 
0.25%. 

2.iH 

0.04%. 

13.0'  «/. 
(t>5eemsjA.84X. 

15.2'  2V. 
I.A5V.. 

38.5'  1% 
0.53%. 

83.4' 

0.17%. 

a.a2x. 

|t>l. 

ie.4'  3V. 
3.66V.. 

27.8'  \y. 
i.iTy. 

42.4' 

6.41%. 

0.04%. 

t>2s 

25.9'  iV. 
2.3T/.. 

71.5' 

9.6r/.. 

0.87%. 

NOMBRE  T( 
OUREE  TO! 

PaARISA 

)TAL  OES  ECHOS  i!709 

r^LE  OES  MESURES  2  8  H  20  mn  42  « 

nON  VERTICAUE 

j>-i2edBm 

>-ll5d8m 

>-liedBm 

>-105dem 

>*100dBm 

>-95dBm 

>-9edBm  j 

t>dn>s 

1.2'  100 

1  .35V.. 

2.7'  A6V. 
9.697.. 

9.0'  14% 
0.17%. 

83. 9'  IX 

S.eix. 

1 

X>i99mt 

5,0'  2AV. 
l.ATA. 

12.5'  10V 
0.52%. 

J40.1'  3% 
0.13%. 

a.aix. 

t>23eint 

13.1"  9V. 
I.ITV.. 

28.4'  47. 
0.41%. 

2.0H  1% 
0.09%. 

0.01%. 

j 

t>3aems 

23.1'  sy. 
e.9r/.. 

50.1'  2% 
8.33%. 

3.3H  1% 
0.07%. 

i>\% 

37.5'  3'/. 
9.7r/.. 

2.5H  1% 
0.19%. 

e.a3x. 

1 

t>2* 

2.5H  iV. 
9.35y.. 

0.07X. 

1 

-  t 

NOMBRE  TOTAL  OES  ECHOS  sSlB 
OUREE  TOTALS  OES  tIESURES  : 

PaARISATION  CROISEE 


0  H  I  mn  A  6 


>-12edBni 

>-tlSdBm 

>-ll8dBm 

>-ie5dBm 

>*10OdBm 

>-93dBm 

>-9edBm 

OOms 

8.2'  laa 
IA.39X. 

8.3'  <53X 
4.72X. 

a.d'  33X 
3.12X. 

1  .4'  ISX 

1 .33X. 

3.1'  7X 

e.3ix. 

7.4'  3X 
8.13X. 

42.1'  1% 
0.02%. 

oiaams 

8.3'  Aex- 

t2.23X.I 

1.1'  19X 
S.33X.^, 

2.2'  9X 
2.41X. 

3.7'  4X 

a.m. 

11,3'  2X 

B.srx. 

31. <5'  IX 
8.89X. 

0.01%. 

t>25em« 

1.4'  14X 
9.29X. 

370"  7% 

3.85%. 

6.S'  3X 

1 .«ex. 

14.8'  2X 
8.7IX, 

23.2'  IX 
e.23X. 

e.arx. 

OSOOmt 

3.4'  4% 
4.78%. 

7.2'  3% 
2.75%. 

13.3'  2% 
1.24%. 

28.0'  1% 

0.49%. 

e.eax. 

t>ls 

4.4'  3% 
5.20%. 

14.8'  1% 

1 .91%. 

42,1'  1% 
0.42%. 

2.1H 

0.14%. 

t>2% 

14.0'  2% 
3.27%. 

-  - - -j 

43.1' 

0.59%. 

8.15%. 

_ 

NOHBRE  TOTAL  OES  ECHOS  i»2J7 
OUREE  TOTALS  OES  MESURES  :  A  H 

PaARISATION  HORIZONTALE 


12  mn  32  > 


Tableaux  8 


N 

Dc 

Pm 

In 

'fd 

J3  .MHi 

12,8 

«,i3 

IS 

-  1.9 

-2,0 

40  MHz 

♦2  ' 

♦.31 

76 

-  1.3 

-  1.9 

R.p(iort 

3.3 

3.9 

Tableau  9 


Temps  d'attente  '  Temps  d’ouvetture  Nombte  de  tratrtees 


>-120dBn|  >-lieaB>i| VldSaBal >-ieedBa|  >-9S<1Bm  | >-9edBa 


0.4'  77z  0.8'  37z  2.4'  13X  8.0'  4x  56.8'  Ix 
5.60/..  Z.OlX.  0.72X.  0.22X.  0.64X. 


10.7'  45x  1.4'  21>!  3.2'  lOx  16.0'  Zx  37.3'  Ix 
9.24X.  4.48X.  1.S7X.  0.51X.  0.17x.  0.e3x. 


12. 1'  15x  3.6'  9x 
6.61X.  3.38X. 


28.0'  lx  37.3'  lx 
0.44X.  0.17X. 


14.3'  7x  8.0'  4x  18.6'  2x  37.3'  IX 
S.S0X.  2.50X.  0.79X.  0.40X. 


18.6'  4X  16.0'  2x 
4.02X.  1.69X.  e.30X.  0.21X. 


122.3'  lx  55.9'  lx 
2.26X.  0.74X. 


>-llSiBa 

>-110dla 

>-ie54Ba 

1.3'  41x 
1.47X. 

3.4'  16X 
0.44X. 

12.2'  4x 
0.14X. 

4.7'  llx 
l.lSx. 

14.9'  4X 
0.31X. 

11.8'  Sx 
0.82X. 

51.4'  lx 
0.17X. 

1.9H 

0.07X. 

27.2'  2X 
0.57X. 

2.6H 

0.t8x. 

0.04X. 

1.9H 

e.22x. 

0.85X. 

0.01X. 

o.eox.  o.eox. 


77.0'  lx 
0.S9X. 


Tableaux  10 


Hi 
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333  Ravenawood  Avenue 
Menlo  Park,  California  94026 
United  States 


1.0  SUBIMART.  Meteor  Burst  Communications 
(MBC)  provides  reliable,  beyond-line-of-sii^t  data 
communications,  but  some  serious  tfaroo]^pat 
limitations  are  associated  with  the  technolo^.  One 
limitatic.i  is  the  finite  waiting  time  required  to  send 
a  message.  This  waiting  time  can  be  i^uced  by 
increasing  the  excess  liu  margin,  but  this 
increases  the  coat  and  complexity  of  an  MBC 
system.  Kiwever,  because  of  the  limited  ibotprint  of 
a  meteor  trail,  the  waiting  time  for  a  system  of 
networked  stations  can  be  reduced  by  spreading  the 
stations  over  multiple  footprints.  For  example,  an 
array  with  station  spacings  of  50  km  demonstrated 
less  than  one-tenth  the  waiting  time  of  a  sin|  le  link. 
SRI  International  of  Menlo  Park,  California, 
designed  and  operated  an  MBC  array  in  the  north- 
central  United  States  to  study  meteor  burst  spatial 
diversity.  This  paper  describes  the  effects  of  spatial 
diversity  on  link  throughput  and  describes 
preliminary  observatiotM  of  signal  footprint  size 
and  shape. 

2.0  INTRODUCTION.  The  throughput  and 
waiting  time  of  an  MBC  system  can  Im  improved  by 
using  tire  spatial  diversity  of  a  conununieations 
network.  Many  MBC  systems  use  a  single 
"master"  station  to  communicate  with  numerous 
"remote"  stations.  If  these  remote  stations  are 
emplaced  suffidentiy  far  apart  to  insure  that  they 
receive  signals  fiwm  different  uMteor  trails,  and  if 
these  remote  stations  ars  ptovidsd  with  some 
continuous  channel  to  other  remote  statioru,  the 
network  of  remote  stations  will  aniear  to  have 
multiple  parallel  conununieation  chaimels  to  the 
master  station.  The  number  of  parallel  channels  is 
the  diversity  of  the  system  and  is  related  to  both  the 
size  of  the  array  and  the  sise  of  the  meteor  burst 
signal  footprint. 

To  iiMOrporate  spatial  diversi^  into  the  design  of 
an  MBC  system,  the  sise  of  the  signal  foo^rint 
must  be  known.  SRI  Intenutional  was  contracted 
by  QE  Aerospace  and  Defense  to  design  and  operate 
an  experiment  to  characterise  the  meteor  scatter 
footpmt  and  the  effects  of  link  orientation, 
polarisation,  and  distance  on  foomrint  sise  and 
shape.  SRI  deeigned  and  operated  a  system  for  five 
months  between  December  1983  and  April  1989. 
Numerous  test  configurations  were  u^ 
throughout  the  test  and  over  600  Mbytes  of  burst 
data  were  collected.  Following  oon^etion  of  the 
test  program,  SRI  developed  software  to  analyze  the 
foo^rint  characteristics.  This  paper  presents  a 
prehmiitary  analysis  of  the  data  collected  on  two 
links  with  a  625-mile  rattge.  The  primary  goal  of 
this  preliminary  effort  was  to  develop  and  test  the 
analysis  techniques.  The  secondary  goals  were  to 
determine  the  amount  of  diurnal  variation  in  the 
^versity  results  and  the  iitfluenoe  of  the  mixture  of 
underdaue  and  overderue  trails  on  the  footprint 
size. 

3.0  IHBCMftETICALJUSlIFlCA'nON.  Meteor 
Burst  Communications  (MBC)  is  based  on  the 
reflection  of  signals  firom  an  ionized  meteor  trail  to 
obtain  props^tum  beyond  the  boriaon.  The  nature 
of  the  reflecting  surfoce  causes  the  energy  to  be 
preferentially  scattered  to  a  particular  area.  This 


instantaneous  signal  "footprint"  consists  of  a  two- 
dimensional  distribution  of  reflected  power  and  is 
confined  to  a  region  where  the  receiv^  power  level 
is  sufficient  for  trartsferring  data.  Individual 
footprints  vary  in  shape  but  are  theoretically 
bounded  by  spherical  cuts  to  a  coitic  section, 
commonly  described  as  asymmetric 
"boomerangs"  [1]. 

The  size  and  shape  of  the  footprint  depend  on  a 
number  of  factors,  indudiirg  carrier  fi^uency, 
meteor  radiant,  transmitter  power  level,  trail 
electron  liire  density,  path  length,  ambient  noise 
level,  and  signal  polarisation.  Footprint  size  and 
shape  are  statistical  in  nature  because  meteor 
radiants  and  trail  electron  line  densities  are 
statistical  phenomena. 

Using  more  than  one  receiver  in  an 
interconnected  receiving  system  can  improve  the 
throughput  of  an  MBC  system.  The  assumption  is 
that  any  signal  received  by  at  least  one  receiver  is 
then  reeved  by  all,  because  of  connectivity  by 
means  other  than  meteor  propaMtion,  The  time  to 
achieve  this  connectivity  is  sigmfieantly  less  than 
the  time  to  receive  a  messm  over  the  meteor 
communications  system.  For  example,  if  all 
receivers  are  situated  in  a  single  footprint,  they  can 
be  considered  one  receiver  by  we  meteor  system, 
and  no  throughput  improvement  is  achieved.  If, 
iiutead,  all  receivers  are  in  different  footprints, 
each  received  message  is  independent  and  the 
throughput  is  increased  by  a  foetor  equal  to  the 
number  of  receivers.  A  typical  system  will  emplace 
receivers  somewhere  between  these  extremes. 

ffimificant  difficulties  arise  in  measuring  an 
expUdt  footprint  shape  for  communicatioits 
systems  planning.  Because  of  the  variations  in 
shape  and  sise,  measurement  of  an  individual 
footprint  does  not  provide  in  enough  information  to 
determine  an  expected  or  average  footprint.  Also, 
since  footprints  represent  large,  complex  shapes 
and  are  seldom  aliipted  with  a  grid  of  measuring 
receivers,  detailed  measurement  requires  a  large, 
finely  graded  array. 

One  ajmroach  to  measuring  the  expected  or 
average  footprint  is  to  use  a  time  average  of  the 
power  received  at  individual  receivers  within  an 
array.  Analyses  have  been  performed  to  simulate 
the  scattered  simial  at  various  link  distimees  by 
using  statistically  distributed  meteor  radiants. 
Results  induded  a  two-dimendonal  probaUlity  of 
intercept  density  functiim  based  on  t^  prrfoalwty  of 
succesi^  message  reception  at  a  point  some 
distance  from  a  central  reedver.  The  expected 
footprint  lies  within  the  50%  probability  boundary  of 
the  distribution.  For  a  transmitter  at  800  miles,  we 
expected  this  region  to  be  20  to  30  miles  wide  by  50  to 
IQO  miles  long.  Additionally,  the  conditional 
probaMlity  between  adiacent  footyriitts  was  30  to 
40%  [1,2]. 

Given  a  statistically  large  number  of  meteor 
events  that  are  "well  alii^ed"  with  the  receiver 
grid,  the  expected  footyrint  is  somewhat  easier  to 
measure  thim  the  individual  footprints.  Raw  data 
are  analyzed  to  determine  the  pnfoatnlity  of 
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accurate  and  complete  signal  reception  at  each  site, 
presupposing  that  the  central  receiver  (reference 
point)  correctly  accepted  the  message.  A  fine 
spacing  of  receivers  is  required  where  the  change 
rate  of  probability  with  respect  to  distance  is  large 
(near  the  center).  A  more  coarse  spacing  can  be 
used  in  the  fringes  of  the  receiver  array,  where  the 
derivative  is  smaller.  The  array  must  be  at  least  as 
large  as  the  required  footprint,  and  preferably  twice 
its  size,  to  determine  the  conditional  dependence  of 
adjacent  footprints. 

Diversity  Calcnlation.  The  existence  of  spatial 
diversity  is  due  to  the  finite  extent  of  a  meteor- 
scattered  signal  on  the  ground.  Spatial  diversity  for 
a  network  of  interconnected  receivers,  then,  is  given 
by  the  ratio  of  the  number  of  independent  signals 
received  by  all  the  array  to  the  number  of  signals 
received  by  a  "standard"  receiver. 

There  e'e  two  ways  to  calculate  spatial  diversity. 
First,  since  diversity  is  caused  by  a  limited  footyrint 
area,  diversity  can  be  measured  by  the  number  of 
footprints  that  cover  a  network  of  receivers. 

Adjacent  footprints  must  overlap,  because 
theoretical  footprints  are  infinitely  large,  having  no 
sharp  edges  and  decreasing  with  distance  from  the 
center.  Ihe  amount  of  overlap  determines  the 
conditional  probability  of  coincidence  between 
adjacent  footprints.  To  calculate  diversity  based  on 
the  number  of  footprints  necessary  to  cover  a 
network  of  receivers,  the  size  of  the  receiver 
network,  the  size  of  the  footprint,  and  the  amount  of 
footprint  overlap  or  conditional  probability  between 
adjacent  footprints  must  be  known. 

A  second  method  of  spatial  diversity  calculation 
realizes  that  increased  network  diversity  causes  an 
increase  in  the  number  of  signals  received  by  the 
network  in  a  given  time  interval.  A  diversity  factor 
can  be  calculated  as  the  ratio  of  the  number  of 
signals  received  by  the  array  to  the  number  of 
signals  received  by  an  array  element  (the 
"standard"  receiver).  The  number  of  signals 
received  by  an  array  element  could  be 

•  Average  number  of  signals  received  by  all  sites 
in  the  array 

•  Number  of  signals  received  at  a  single  site 

•  Number  of  signals  received  by  a  small,  compact 
group  of  sites. 

The  average  number  of  signals  received  by  the 
array  is  not  an  accurate  reference  if  the  expected 
number  of  signals  received  at  each  site  varies 
significantly,  as  occurs  if  the  size  of  the  array  is  a 
significant  fraction  of  the  distance  from  the 
transmitter  to  the  array.  The  case  of  a  single  site  as 
the  array  element  is  not  generally  a  good  reference, 
because  the  diversity  collation  is  too  dependent  on 
the  performance  or  proper  operation  of  this  single 
site.  Thus  by  choosing  a  small,  compact  group  of 
sites  as  the  array  element  of  reference,  spatial 
diversity  is  most  accurately  determined. 

An  increase  in  network  diversity  decreases  the 
waiting  time  to  iitject  a  message  into  the  network. 
Once  the  diversity  is  known,  along  with  the 
required  confidence  factor  and  adjacent  footprint 
coi^tional  probabiliiy,  the  wait-time  reduction 
factor  can  be  calculate. 

The  distribution  of  ..neteor  trails  is  a  statistical 
counting  problem.  The  average  number  of  trails 
detected  per  unit  time  is  determined  by  the  link 
desi^  and  the  excess  power  available  beyond  that 
required  to  close  the  link.  The  waiting  time  is 
distributed  exponentially,  because  the  messages 
arrive  accord!^  to  a  Poisson  process.  For  a  given 


link  and  a  spedfied  amount  of  time,  a  message  will 
be  received  with  some  confidence  probability;  for  a 
higher  level  of  confidence,  more  time  is  required. 
From  queueing  theory,  [3]  the  relationship  betwee  -. 
wait  time  at  confidence  P  (WTp),  throughput,  and 
message  length  is 


(WTpXthroughpnt)  _  ,  „ 

(message  length)  ‘  > 


(1) 


With  hVent  1  (Ei)  as  the  recciitiori  of  a  message  by 
a  receiver  In  Footprint  1,  end  Eve’.  t  2  (E2)  as  the 
reception  of  a  message  by  a  receiver  'n  an  adjacent 
footprint,  Footyrint  2,  the  probability  of  receptir  >■ , 
either  receiver  is 


P(EiorE2)=P(Ei)  +  P(E2)-P(Eiand  Eg)  ,  (2) 
where  P(Ex  or  Eg)  is  the  conditional  dependence 
between  adjacent  footprints,  P(Ei)  and  P(E2)  are  the 
single  link  probatnlities,  and  P(Ei  and  Eg)  is  the 
confidence  for  a  2-diverBe  system  having  P(Ei) 
single-link  confidence.  Since  the  N-diverse 
confidence  is  the  reliability  design  parameter,  P(Ei) 
must  be  calculated  and  used  for  single-link 
simulation  and  evaluation.  P(Ex)  will  always  be 
less  than  the  N-diverse  confidence  when  the 
conditional  dependence  is  less  than  1.. 

Extrapolating  to  an  N-diverse  system  shows 

=  N.(N^l)Px  ■ 


where  Px,N  required  single-link  confidence, 
Pff  is  the  confidence  for  a  network  with  diversity  N, 
and  Px  is  the  adjacent  footprint  conditional 
dependence. 


For  Px  less  than  1,  Px,N  wi'l  *>*  t^ian  Pn  and 
the  wait  time  calculated  in  Eq.  (1)  will  be  reduced. 
For  an  N-diverso  network,  the  confidence  P  in 
Eq.  (1)  is  Px,N’  If  WTp  x  is  the  wait  time  for  a 
single  link  and  WTp^ii)  is  the  wait  time  for  an 
N-diverse  network,  we  waiting  time  improvement 
factor,  f(N),  for  an  N-diverse  network  with  constant 
throughput  can  be  defined  as 


RN)» 


(WTp,N) 

('VTp.i) 


(4) 


Combing  Eq.  (1)  and  Eq.  (4)  to  determine  the  waiting 
time  reduction  factor  given  the  sin^e  link  and 
network  confidence  factors  results  in 


RN). 


ln(l-Px.N) 

In(l-PN) 


(5) 


with  P(,N  and  Pn  related  by  Eq.  (3).  A  plot  of 
waiting  time  improvement  factor  as  a  Action  of 
level  of  diversity  is  shown  in  Figure  1. 


UVEl  Of  NETWOHX  tSVEBSITY.  H 


FK3URE1  EFFECT  OF  SPATIAL  OlVERSirV  ON  WAITINQ  TIME 
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4.0  EZCSBnfEMTnESCRIPnON.  Kodetenmne 
the  qietial  divenity  of  s  netwothed  array,  SRI 
Intematioaal  instidled  a  meteor  bunt  receiver 
array  centered  in  Lewietown,  Montana.  The  array 
contisted  of  33  receivers  located  in  ooncentric 
hexagons  about  the  central  site:  4  receivers  were  in 
a  5-i^e  radins  fiom  the  center,  6  receivers  at  IS 
miles,  6  reoeiveis  at  30  miles,  12  receivers  at  60 
miles,  and  4  receivers  at  100  miles  fiem  tin  array 
centred  receiver.  Figure  2  is  a  geographical 
approximation  of  the  site  locations.  (Rings  are 
numbered  sequentially,  not  all  mtes  are  shown) 


FIGURE  2  SPATIAL  OIVERSITV  RECEIVER  ARRAY 
(Central  Montana) 


Installed  at  each  array  site  was  a  two-channel 
horixontal  receiver  and  a  two-channel  vertical 
receiver.  Frequency  A  (48.868  MHs)  and  Frequency 
C  (46.969  MHs)  corresponded  to  the  vertical 
receiver's  Channels  1  and  2,  respectively. 
Frequency  B  (46.769  MHs)  and  Iraquency  D 
(48.768  MHs)  vorresponded  to  the  horisontal 
receiver's  Channels  1  and  2,  rsspMtively.  Hie 
receiver  bandwidth  was  9  kHx,  and  the  receiver 
system  normally  used  borisontally  and  vertically 
polarised  antennas  with  gains  of  6.3  dBi  and  4.6 
dBi,  respectively. 

The  receivers  had  266  kbytes  of  on-board  memory, 
providing  three  to  ten  days  of  data  logging 
depending  on  the  system  configuration  and  meteor 
activity.  They  had  an  operatioiud  battery  life  of 
approximately  ten  days.  ASCII  data  were 
downloaded  every  thrw  to  seven  days  from  each  of 
the  33  receiver  sites  and  stored  on  S.6-itL  floppy 
diskettes.  Hie  data  were  later  transferred  to 
6.26-in.  diskettes,  9-tra(k  tape,  and  fl-mm  tape 
cartridges  for  anidysis  using  an  MS-DOS  personal 
computer.  A  total  days  ofvalid  data  were 
collected  throu^out  the  experiment,  which  was 
performed  flam  4  December  1988  through  7  April 
1969. 

Hie  experiment  consisted  of  four  midor  test 
configurations.  A  total  of  four  600-W  transmitters 
were  used:  one  pair  moving  west-to-east  from  the 
center  of  the  array,  <Jid  the  second  pair  moving 
north-to-sottth  from  the  center  of  the  array. 
pair  of  transmitters  operated  with  two  Yagi 
antennas  (11  dBi  of  gain),  one  vertically  pchuized 
and  one  horixontally  polarised.  Hie  antennas  were 
mounted  on  20-ft  carbon  masts  for  the  first  three 
tests  and  a  46-ft  steel  foldover  tower  for  the  last  test 
For  the  first  test,  the  two  transmitter  pairs  were 
colocated  in  Tekoa,  Washington,  400  miles  to  the 
west  of  the  central  receiver  site.  Aftc.:'  this  test  the 
transmitters  were  configured  for  simultaneous 


north-to-south  and  east-to-west  test  operation,  fiem 
sites  176,400,  and  626  miles  fiem  the  center  of  the 
array.  A  fi^  transmitter  was  located  on  Judith 
Peak,  near  Lewistown,  Montana.  This  transmitter 
ensurad  the  accuragr  of  the  receiver  time-keeping 
equipment  by  broadcasting  a  2-s  burst  fiem  the 
center  of  the  array  twice  per  hour. 

Eatii  100-bit  transmitted  message  comprised  a 
60-bit  header,  32-bit  transmit  time  code  indicating 
time  of  transmission,  and  an  8-bit  cyclical 
redundancy  checksum  (CRC).  The  correlation 
receiver  allowed  messa^  detection  at  a  6.2-dB 
signal-to-noise  ratio,  with  a  message  fitlse-alarm 
probability  of  10*7.  100-bit,  FSK-modulated 

transmit  signal  was  broadcast  every  40  ms  using  a 
baud  rate  of  2.6  kbps.  The  system  logged  the  sig^ 
power  and  correlation  level  every  40  ms  during  the 
burst  and  logged  calibration  data  (ambient  noise 
levd,  ten^rature,  and  battery  voltage)  twice  per 
hour. 

6.0  INDIVIDUAL  SrrB  ANALYSIS.  The  data 
collected  at  each  receiver  site  provided  a  chronology 
of  the  meteor  events  and  receiver  noise 
measurements  sines  the  previous  data  collection. 
Data  processing  began  on  the  field  data  by  filtering 
out  erroneous  data  caused  by  an  impropw  C!RC, 
abnormal  background  noise,  or  data  collection 
problems.  Regression  analysis  was  performed  on 
the  data  to  correct  transmitter  timebiuM  problems, 
to  correct  for  drift  in  the  receiver  docks,  and  to 
determine  the  arrival  time  of  bursts  without 
messsM  numbers.  This  initial  phase  of  processing 
created  daily  logs  of  meteor  arrival  times  and 
lengths. 

The  intent  of  this  experiment  was  to  study  the 
meteor  trail,  a  physicid  process,  rather  thm  the 
communications  result!^  fiom  the  trail 
occurrence,  an  artificial  process  influenced  by  the 
equipment  and  experimental  design  parameters. 
Two  induced  problems  were  readily  apparent. 

First,  the  data  collected  by  the  receiver  iiad  a 
duration  bated  on  a  signu  power  level  measured  in 
the  receiver.  The  threshold  level  was  inconsistent 
throughout  the  array,  thus,  the  burst  duration  was 
corrected  by  analysing  the  received  signal-to-noisa 
ratio.  Badcground  noise  was  measured  by  the 
calibration  system  every  half  hour,  The  duration  of 
a  burst  was  defined  as  the  signal  power  sufficient  to 
provide  fewer  than  9  bit  errors  in  ine  66-bit  header  of 
each  message.  Second,  typical  meteor  burst 
communication  systems  eidiibit  multipath  fading  of 
the  received  signal.  Fadingiscausedbya  variety  of 
natural  phanimiena  perturbing  the  meteor  trail. 
Data  analysis  was  nmed  to  ^  signal  events  that 
seemed  to  be  caused  by  individual  trails  because 
such  fades  would  indicate  more  and  shorter  trails 
than  actually  occurred.  Hius,  the  next  step  in  the 
data  processing  sequence  was  to  identify  aM 
elimiuto  multipaui  fbding  effects  fiom  the  meteor 
logs. 

To  analyse  the  tignal  fodes,  a  histogram  of  the 
fade  durations  was  created.  We  hypMbetised  that 
two  processes  could  cause  a  gap  in  the  signal 
history;  signal  fadiag,  whidi  we  were  attempting 
to  remove,  and  the  expected  random  time  between 
successive  meteor  trails,  As  these  two  processes 
have  greatly  dUferwit  means,  they  will  appear  w 
two  (hiBrerent  slopes  in  the  hUtogram.  The  sample 
histi^gram  iUustrated  in  Figure  3  deariy  shows  two 
different  distributions.  To  separate  multipath 
fading  gaps  fiom  true  meteor  arrival  giqps>  (SP 
statistics  fiom  one  whde  day  were  gattiersd  and  the 
first  60  points  were  fitted  to  a  power  curve  (yaArl>). 
From  the  slope  of  the  curve,  the  cumulative  90% 
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FIGURE  3  HISTOGRAM  OF  FADE  LENGTHS 
(DAY  081,  FREQUENCY  C) 

point  waa  determined;  i.e.,  the  gap  size  that  90%  of 
the  gaps  were  less  thw.  *^6  9^  values  ranged 
from  0.704  s  to  4.216  s.  Figure  3  shows  a  90%  point 
of  1.94  s.  We  averaged  the  90%  values  from  six 
days,  representing  the  various  test  configurations, 
to  obtain  a  value  of  1.6  s.  Gaps  of  1.6  s  or  less  in  the 
meteor  log  files  were  considered  to  be  multipath 
fading  from  a  single  trail  and  were  joined.  Gaps 
greater  than  1.6  s  were  considered  separate  meteor 
trails  This  gap  size  was  chosen  as  a  good  tradeoff 
between  joining  too  many  independent  trails  and 
breaking  too  many  trails  into  multiple  events. 

Once  the  field  data  were  corrected  for  time  errors, 
duration  errors,  and  signal  fades,  the  meteor  log 
files  were  assembled  and  processed  in  4-hr  blocks 
synchronous  with  Greenwich  Mean  Time  (GMT), 
'niis  process  involved  counting  the  niunber  of  trails 
of  len^  greater  than  or  equal  to  40, 120,  and 
200  ms.  Site  data  were  recorded  for  all  four  receiver 
channels.  An  average  number  of  trails  detected  by 
an  individual  site  was  calculated,  ignoring  any 
sites  that  were  not  operating. 

Event  Cktinddence.  Hie  next  step  in  the  data 
processing  sequence  was  to  correlate  the  meteor 
events  between  the  various  sites  within  the  array. 

A  large  linked  list  of  site  data  was  formed  and 
seanmed  for  independent  trails.  Independent  trails 
were  identified  by  finding  gaps  in  time,  which 
marked  the  boundary  from  one  meteor  trail  to  the 
next.  For  each  4-hr  period,  the  number  of 
independent  trails  seen  by  the  array,  excludii^  the 
100-mile  sites,  was  tabulated.  (The  100-mile  sites 
were  only  used  for  footprint  evaluation,  and  not  for 
diversity  calculations,  because  of  their  sparse 
positioning.)  The  diversity  of  the  array  was 
calculated  by  dividing  the  number  of  independent 
trails  seen  by  the  entire  array  by  the  aver^ 
number  of  tmls  detected  by  individual  receivers 
within  the  array.  Diversities  of  8  to  12  were  typical. 

Additional  processing  was  performed  to  refine  the 
diversity  measurement.  Meteor  reflections  have 
historically  been  categorized  in  two  ways,  as 
reflections  from  underdense  trails  or  as  reflections 
from  overdense  trails.  Each  type  of  reflection  has 
different  scattering  characteristics  and  Uierefore 
different  footprint  sizes.  The  data  set  was  divided 
into  overdense  and  underdense  categories  to  allow 
separate  analysis  of  these  two  trail  types. 

Underdense  trails  are  defined  as  trails  whose 
ionization  dmsity  is  low  enough  to  allow  an 
incident  signal  to  pass  throu|d>  the  trail  without 
major  perturbation  [2].  Scattering  occurs  from  the 
inifividusl  electrons,  and  the  scattered  signal  is 
very  coherent  The  good  coherency  allows  the 
signal  to  be  evenly  spread  in  space,  creating  a 
moderate-sized  footprint  without  major  fad^. 


Overdense  trails  have  a  suffiaently  lii|dr  density  of 
electrons  to  reflect  the  incident  sig^  a  large 
scattering  surface.  Signals  reflecting  ^m 
different  parts  of  the  surfoce  can  combine 
destructively  at  some  locatioiu.  Hie  large  reflection 
surface  and  greater  reflected  power  cause  the 
signal  to  be  scattered  over  a  large  area,  with  fades 
in  some  regions  of  the  footprint.  The  large 
ionization  density  also  causes  the  trail  to  last 
longer,  as  the  tr^  duration  depends  on  dif^on  of 
the  ionized  partides.  Upper  atmosphere  winds 
cause  the  trail  to  break  up  and  drift  across  the 
receiver  array,  creating  dynamic  footprint  effecto. 
Even  though  the  signal  from  an  overdense  trail  is 
only  correlated  over  a  small  area  and  many  fade 
cells  exist,  there  are  many  areas  of  correlation  and 
these  areas  move  throughout  the  trail  lifetime. 

Thus,  an  overdense  trail  becomes  a  large-area 
effect  having  a  much  larger  footprint  over  its 
lifetime  than  does  an  underdense  trail. 

An  accurate  model  of  a  networked  MBC  system 
would  have  to  take  the  two  types  of  scattering  into 
account  because  the  footprints  from  underdense 
and  overdense  trails  differ  greatly  .  Similarly, 
design  of  networked  MBC  systems  will  have  to 
consider  the  mix  of  underdense  and  overdense 
trails,  depending  on  Uie  link  design.  To  determine 
a  mix  of  these  two  trail  types  in  our  test  links,  a 
procedure  to  separate  signals  from  the  two  types  of 
trails  was  developed. 

Two  methods  of  dividing  the  data  into  overdense 
and  underdense  sets  were  investigated.  The  more 
obvious  approach  was  to  divide  the  trails  based  on 
trail  duration.  However,  our  plots  of  trail  duration 
contained  no  clues  as  to  how  to  differentiate 
overdense  and  underdense  trails.  Many  factors  can 
influence  the  duration  of  the  trail  besides  the 
ionization  density;  e.g.,  trail  orientation,  fade 
parameters,  trail  location  with  respect  to  the 
receiving  array,  and  the  receiving  equipment.  An 
alternate  approach  was  to  divide  the  data  based  on 
the  number  of  sites  that  detected  a  given  trait.  We 
called  this  the  visibility  of  the  trail.  We  considered 
the  visibility  of  a  trail  to  be  a  better  measure  of  the 
trail  ionization  density  than  trail  duration  because 
the  signal  footprint  is  determined  by  the  scattering 
process.  However,  if  the  signal  footprint  could  be 
used  to  divide  the  signal  records  into  underdense 
and  overdense  data  sets,  the  resulting  histogram  of 
trail  durations  could  be  used  as  a  verification  of  the 
accuracy  of  the  set  division. 

The  visibility  of  a  trail  was  analyzed  in  three  ways. 
Hie  first  and  simplest  was  to  look  at  the  number  of 
sites  that  received  signal  energy  at  each  40-ms  time 
sample  without  regard  to  trail  boundaries.  This 
individual  vi$ibility  measurement  heavily  weighted 
the  longer  trails,  bmuse  the  longer  trails  have 
more  samples.  However,  this  technique  was  not  a 
good  measure  of  the  coverai^  area  of  individual 
trails.  The  second  method,  in$tantaneou$  visibility, 
counted  the  maximum  number  of  sites  that 
together  detected  sig:^  ener^  at  the  same  time 
during  a  trail's  duration.  'Hiis  was  a  better 
measure  of  the  coverage  of  an  individual  trail,  but 
only  at  a  sinide  point  in  time,  and  it  ignored  any 
trail  drift  efilscts.  The  third  tedmique,  tofof 
visibility,  counted  the  number  of  sites  detecting  trail 
energy  t^ugfaout  a  trail's  duration,  providing  a 
measurement  of  the  total,  rather  thra 
instantaneous,  coverage  of  the  traiL  Histograms  of 
the  total  visitnlity  of  the  brails  showed  greater 
dispersion  of  the  overdense  trails  and  enabled  a 
more  accurate  division  of  the  underdense  and 
overdense  data  sets. 
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Histograin  data  used  to  detennine  the  division 
between  undeidense  and  oveidense  events  were 
based  on  the  central  site,  the  SO-mile  sites,  and  the 
SO-mile  sites  only.  These  sites  represented  a 
regular  hexagonid  array  without  the  bias  of  the 
additional  short-range  sites.  The  lustogranu 
showed  two  slopes  that  converged  between  four-  and 
five-site  detection  of  the  meteor  trail.  Figure  4 
shows  bistogranis  of  total  visibility  for  two  4-^ 
periods.  The  two  slopes  are  related  to  the  variance 
in  nte  coverage  prot^ility.  The  underdense  trails, 
having  a  smaller  footprint  than  the  overdense 
trails,  can  be  seen  in  the  histogram  region  showing 
detection  by  one  to  four  sites.  Overdense  trails 
produce  the  slope  for  detection  by  five  and  more 
sites. 


FIGURE  4  TOTAL  VISIBILITY  HISTOGRAM 
(FREQUENCY  C,  1600-2000  GMT) 


Ihe  data  files  were  reassembled  and  the  linked 
list  was  pruned  of  overdense  trails  based  on  total 
visibility  by  more  than  four  sites.  Underdense 
diversities,  visibility  histograms,  and  trail  duration 
histograms  were  r^culated  for  each  4-hr  data 
bloch.  This  process  then  was  repeated 
appropriately  to  prune  underdense  trails  fium  the 
liiuedlist  As  expected,  the  burst  duration 
histopams  indicated  that  most  of  the  underdense 
activity  was  confined  to  the  shorter  trails.  Most  of 
the  lo^r  trails  seen  in  the  underdense  category 
were  ti^  that  illuminated  only  the  edges  of  the 
test  array.  Typically,  less  than  6%  of  the  trails  in 
the  underdense  category  exceeded  3  s  in  duration, 
and  less  than  10%  of  the  trails  in  the  overdense 
category  were  less  than  1  s  in  duration. 

Footprint  Siaiiig.  Aiwther  calculation  made 
during  the  event  coincidence  proresiing  was  used 
to  evuuate  the  actual  sise  and  shape  of  the  aveiace 
footprint.  We  have  previously  defi^  ths  footprint 
as  a  probability  distinbotioa  surihoe;  for  exan^, 
the  probability  of  detecting  a  simal  at  some  point 
away  fi«m  a  aigrud-detecting  ^wforence  receiver.* 
We  used  the  five  central  receiTers  as  our  refomtce, 
and  oonaideted  a  reforenoe  signal  to  be  a  signal 
detected  at  any  of  these  sites.  For  each  site  in  the 
array  (including  the  lOO-mile  sites),  we  estimated  a 
conditional  sigw  detection  probability,  B I  A.  The 
BIA  probability  at  eadi  site  was  the  ratio  of  the 


munber  of  signals  that  both  tiie  site  in  question  and 
the  reference  site  detected  to  the  total  number  of 
signals  detected  at  the  reference  site. 

The  extensive  footprint  analysis  presented  herein 
is  based  on  data  firom  Julian  Days  077  throuifo  083, 
when  the  receiver  array  was  performing  most 
efficiently.  One  transmitter  pair  was  located  62S 
miles  south  of  the  array,  and  the  second 
transmitter  pair  was  located  62S  miles  east  of  the 
array.  First,  the  receiver  array  was  divided  into  six 
60°  segments,  with  each  receiver  site  allocated  to 
one  of  the  six  segments.  Each  segment  contained 
between  four  and  six  rites.  The  BIA  probabilities 
for  each  rite  were  averaged  over  the  rix  days.  A 
logaritiunic  curve  was  fit  to  a  plot  of  the  resulting 
data  points  as  a  fimetion  of  distance  fiom  the  center 
of  the  array.  Analysis  involved  determining  the  m 
and  b  parameters  of  the  exponential  curve  of 
regression  of  the  form  y>b*m''x  for  each  sector. 

Five  distances  corresponding  to  probabilities  of  10%, 
26%,  60%,  76%  and  90%  were  interpolated  firom 
each  curve.  From  these  parameters,  five  footprints 
were  determined  for  thrM  conditions:  imderdense 
meteor  trails,  overdense  meteor  trails,  and 
unseparated  data  containing  both  underdense  and 
overdense  trails.  The  focty^t  surface  was  plotted 
by  curve  fitting  the  five  probability  points  in  each 
sector. 

The  d  .ta  for  the  horixontally  polarized  south-to- 
north  link  was  used  to  evaluate  the  footprint 
shapes.  Figure  6  depicts  footprints  for  composite 
overdense  and  underdense  meteor  events.  The  plot 
uses  a  linear  scale,  witii  two  concentiric  circles 
indicating  10-  and  SO-mile  distances  fiom  the  center 
of  the  array.  The  90%  probability  footyrint  is  closest 
to  the  center  of  the  array,  while  ffie  l(y%  probability 
is  farthest  fiom  the  center  of  the  array.  True  norffi 
is  along  the  0°  axis.  Figure  6  depicts  footprints  for 
overdense  meteor  trails  only.  The  plot  uses  a  linear 
scale,  with  two  concentric  drdes  indicating  40-  and 
80-mile  distances  fiom  the  center  of  the  array. 
Figure  7  shows  footprints  for  underdense  meteor 
triffis  only.  The  logarithmic-compressed  scale  for 
the  unde^ense  fbotprints  corresponds  to  100-,  10-, 
1-,  and  0.1-miIe  distances. 
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FIGURE  5  FOOTPRINTS  FOR  COMPOSITE  OVERDENSE 
AND  UNDERDENSE  METEOR  TRAILS  (F4, 
DAYS  077-082) 
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FIGURE  6  FOOTPRINTS  FOR  OVEROENSE  METEOR 
TRAILS  (F4,  DAYS  077-082) 
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FIGURE  7  FOOTPRINTS  FOR  UNDERDENSE  METEOR 
TRAILS  (F4,  DAYS  073-082) 


6.0  OBSERVATIONS.  The  data  analysis  for  this 
paper  is  based  on  six  days  near  the  end  of  the  test, 
when  the  transmitteir.  were  located  626  miles  from 
center  of  the  receiver  array.  Data  analysis 
concentrated  on  the  south-to-north  link  because  of 
equipment  problems  with  the  east-to-west  link 
discovered  during  data  processing.  Diversity  was 
analyzed  for  ail  frequencies  and  all  time  blo^  in 
this  interval.  An  average  footprint  analysis  was 
performed  on  all  frequencies  during  this  interval, 
but  the  footprint  surface  was  only  determined  for 
the  south-tcFnorth  horizontally  polarized  link. 
Selected  individual  trails  were  also  reviewed.  Our 
intent  was  to  develop  data  analysis  techniques  that 
could  be  used  to  analyze  all  the  data.  These  six  days 
represented  some  of  the  most  consistent  data 
collected  and  the  most  common  link  configuration. 
Further  processing,  when  time  and  resources 
permit,  will  complete  the  analysis  for  the 
remaining  data. 

Data  for  each  4-hr  time  block  were  averaged  over 
the  six  days.  Table  1  summarizes  overdense  and 
underdense  event  diversity,  listing,  for  vertically 
and  horizontally  polarized  links,  die  average 
number  of  trails  detected  at  each  site,  the  number  of 
independent  trails  detected  at  each  site,  and  the 
diversity  of  the  suray.  Time  plots  of  the  south-to- 


Tablel 

UNDERDENSE  AND  OVERDENSE  BURST 
DIVERSITY 


Time 

Block 

(GMT) 

Average 

Trails 

Detected/ 

Ste 

Independent 
Trails 
Detected  by 
the  Array 

Array 

Diversity 

Viir 

•OLARIZED  LINKS  | 

0to4 

31.3 

366 

1L5 

4to8 

763 

866 

lU 

8tol2 

165.2 

1605 

10.4 

12  to  16 

176.8 

1836 

106 

16  to  20 

142.9 

1631 

11.4 

20  to  24 

73.6 

841 

11.5 

Average 

11.1 

POlARtiED 

LlNltS 

0to4 

23.1 

264 

11.4 

4to8 

46.7 

549 

12.0 

8tol2 

92.9 

1068 

11.7 

12  to  16 

105.9 

1243 

11.7 

16  to  20 

84.0 

1063 

12.6 

20  to  24 

48.4 

606 

12.6 

Average 

12.0 

north  array  diversity  are  shown  in  Figure  8.  The 
4-hr  diversity  ranged  from  10.3  to  11.6  for  the 
vertically  polariz^  link,  and  from  11.3  to  12.9  for 
the  horizontally  polarized  link.  The  vertically 
polarized  link  showed  1.6  times  the  individu^  site 
activity  of  the  horizontal  link,  but  this  was 
determined  to  be  predominantly  a  frequency  effect, 
as  the  vertical  link  was  operating  1.8  MHz  below  the 
horizontal  link.  (The  east-to-west  link,  with  the 
frequendes  reversed,  showed  the  opposite  effect.) 
Horizontal  link  diversity  wag  typicMly  10%  higher 
than  that  of  the  vertical  link.  This  difference  held 
for  both  link  directions  and  did  not  seem  to  be  a 
frequen(7  effect. 


FIGURE  6  AVERAGE  SPATIAL  DIVERSITY 


The  receiving  array  was  designed  to  accurately 
determine  the  extent  of  the  footprint  without  an 
excessive  number  of  sites.  If  we  sized  the  array 
correctly,  the  diversity  should  be  approximately  half 
the  number  of  receivers  in  the  array.  Ihis  ratio 
would  provide  an  average  of  two  receivers  in  each 
signal  footprint.  Of  the  33  receivers  in  the  array,  19 
were  in  a  regular  hexagonal  pattern.  Althou^ 
this  number  of  receivers  is  stiffident  for 
determining  the  diversity,  a  slightly  smaller  and 
more  regular  interstitial  spacing  would  have 
yielded  more  accurate  results. 
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As  expected,  a  great  deal  of  diurnal  variation 
occurred  in  the  number  of  bursts  at  a  site:  Peak 
interval  activity  was  about  6.6  times  the  quiet 
interval  activity.  Weak  diurnal  activity  was  detected 
in  the  diversity  calculation.  Figure  9  shows  a 
diurnal  peak  for  both  site  activity  and  array 
diversity.  The  diversity  spectrum  also  shows  a 
harmonic  of  the  dium^  peak.  Diversity  and 
diurnal  variations  were  analyzed  further  by 
dividing  the  trails  into  underdense  and  overdense 
sets.  l%e  diurnal  variation  in  the  ratio  of 
underdense  to  overdense  trails  would  imply  that  the 
two  types  of  trails  had  different  formation 
processes,  suggesting  a  diurnal  variation  to  the 
anay  diversity. 


FIGURE  9  COMPARISON  OF  AVERAGE  NUMBER  OF 
BURSTS  AND  DIVERSITY 


results.  Part  of  the  reason  that  a  large  volume  of 
data  was  collected  was  because  diurnal  variations 
were  considered  a  possibility.  In  particular,  the 
limited  diurnal  variation  in  the  diversity  enabled  us 
to  combine  the  probability  data,  thereby  improving 
our  estimate  of  the  footprint  size. 


Table  2 

UNDERDENSE  EVENT  DIVERSITY 


g 

Average 

Trails 

Detected 

/Site 

Independent 
Trails 
Detected  by 
the  Array 

Array 

Diversity 

Oto4 

wr 

13.1 

4to8 

66.6 

847 

12.8 

8tol2 

131.6 

1666 

11.9 

12  to  16 

i4ao 

1780 

12.3 

16  to  20 

lias 

13.7 

20  to  24 

61.8 

816 

13.3 

Average 

12.8 

LfiiiklililHi 

135^ 

4to8 

38.4 

633 

13.8 

8tol2 

79.0 

1060 

13.4 

12  to  16 

86.6 

1170 

13.6 

16  to  20 

68.8 

1033 

16.0 

20  to  24 

40.3 

602 

14.6 

Average 

14.0 

Tables 

OVERDENSE  EVENT  DIVERSITY 


Tables  2  and  3  summarize  diversity  for 
underdense  and  overdense  events,  respectively, 
listing,  for  vertically  and  horizontally  polarisM 
links,  the  average  number  of  trails  detected  at  each 
site,  the  number  of  independent  trails  detected  by 
the  array,  and  the  diventity  of  the  array.  Array 
diversity  is  strongly  influenced  by  the  underdense 
meteor  trails.  For  the  south-to-north  link,  there 
were  6.6  times  as  many  underdense  trails  as 
overdense  trails  for  the  vertically  polarized  link, 
and  6.3  times  as  many  for  the  horizontally  {wlarized 
link.  However,  because  of  the  greater  duration  of 
the  overdense  trails,  tbs  ratio  A  total  underdense 
trail  duration  to  total  overdense  trail  duration  was 
leu;  3.1  on  the  vertically  polrHsed  link  and  4.4  on 
the  horizontally  polarized  link.  The  diurnal 
variation  of  the  ratio  of  number  of  trails  was 
imperceptible,  discounting  the  existence  of  uppate 
formation  processu,  while  the  ratio  of  total  trail 
duration  stewed  significant  variatioa  Ihe  ratio  of 
total  underdenu  trail  duration  to  total  overdense 
tnul  duration  was  greatut  in  the  afternoon,  when 
trail  activity  is  at  a  minimum.  The  variation  in 
total  trail  duration  is  probably  inflated  by  the  small 
number  of  overdense  trails  identified  during  these 
intervals.  The  ratio  of  underdense  to  overdenu 
trail  diversity  ww  6.8  for  the  vertically  polarized 
link  and  7.2  for  the  horizontally  polatizM  link.  The 
ratio  of  independent  events  is  nearly  the  same  for 
the  horizontidly  and  the  vertically  polarized  links: 
37.9  and  39.3,  respectively.  While  the  lack  of 
diurnal  variation  in  these  data  yields  little  insight 
into  the  formation  of  trails,  it  greatly  siaqjlifiM  the 
data  processing,  eitaUing  extraction  of  effects  based 
on  fir^uency,  link  orientation,  and  signal 
polarization  and  improving  the  overall  quality  of  the 


Time 

Average 

Independent 

Array 

Block 

Trails 

Trails 

Diversity 

(QMT) 

Detected 

Detected  by 

/au 

the  Array 

- VERTICALLY 

ViLARlKED  L 

INKS 

0to4 

83r 

10 

1.7 

4to8 

9.8 

19 

2.0 

8tol2 

2ao 

60 

1.9 

12  to  16 

30.3 

66 

12 

16  to  20 

27.1 

49 

1.8 

20  to  24 

llA 

26 

2.2 

Average 

1.9 

1  HORIZONTALLY 

hronnzBir 

LWRi 

IT 

s 

i.d 

4to8 

7.4 

16 

2.1 

8tol2 

14.2 

28 

20 

12  to  16 

19.6 

37 

1.9 

16  to  20 

16.3 

31 

20 

20  to  24 

82 

17 

20 

Average 

20 

The  diversity  evaluations  generated  a  single 
numerical  it^resentation  of  the  footprint  size.  This 
representation  is  a  weak  ftinetion  of  the 
perfonnanee  at  any  individual  site.  The  footyrint 
area  analysis  depmds  stitmi^y  on  site  locations  and 
individual  site  operations,  b^use  the  footprint 
area  evaluation  required  the  calculation  of  30  {dot 
points.  Prior  to  phfttiiqc  the  footprints,  the 
underlying  data  were  analyzed  to  find  trends  that 
supported  the  footprint  size  and  sluq>e  hypothesis. 
The  data  with  the  beet  fit  to  the  logarithmic 
approximation  curve  were  in  the  sectors  with  the 
greatest  diniersion  of  resrtver  sites.  As  anticipated. 
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the  south-to-north  link  generally  had  more 
dispersion  of  signal  energy  in  the  north  and  south 
sectors  than  did  the  east-to-west  link.  The  corollary 
was  true  for  the  east-to-west  link.  This  energy 
distribution  is  not  as  well  demonstrated  in  the 
logarithmic  polar  plots  used  for  the  underdense 
trail  footprint.  The  log  radial  scale  was  used  to 
provide  more  definition  to  the  central  probability 
rings.  Few  sites  had  conditional  probabilities  in 
excess  of  0.5;  therefore,  the  probability  curves 
greater  than  0.5  have  less  confidence  than  those 
below  0.5.  The  use  of  a  master  site  consisting  of 
multiple  central  sites  reduced  the  sensitivity  of  the 
calculation  to  a  single  site  yet  increased  the 
dispersion  of  the  probability  surface.  Data 
previously  processed  with  a  single  master  site 
showed  both  greater  conditional  probabilities  near 
the  center  of  the  array  and  smaller  conditional 
probabilities  near  the  array  edges. 

The  area  of  the  regular  array  was  10,221  square 
miles.  The  average  diversity  of  the  south-to-north 
horizontally  polarized  link  was  12.  The  average 
footprint  area,  based  on  the  diversity,  was  the  ratio 
of  these  two,  or  852  square  miles.  In  defining  the 
footprint  size  on  the  basis  of  the  footprint  plots,  the 
basic  problem  is  defining  the  appropriate 
conditional  probability.  On  the  logarithmic  plots, 
the  conditional  probability  rings  are  roughly 
circular.  If  we  expect  a  footprint  size  of  852  square 
miles,  a  circular  footprint  radius  would  be 
16.6  miles,  corresponding  to  20%  conditional 
probability  on  the  underdense  and  combined 
footprints,  and  to  65%  probability  on  the  overdense 
footprints.  These  values  imply  that  the  footprint 
surfaces  are  slightly  smaller  than  the  diversity 
calculations  would  indicate.  There  are  two  reasons 
for  this.  First,  the  use  of  multiple  sites  as  a  master 
site  greatly  increased  the  number  of  trail  detections 
attributed  to  the  master  site,  since  a  large  portion  of 
the  trails  detected  by  the  array  are  seen  by  only  one 
site.  This  reduced  the  conditional  probabilities  for 
all  sites,  induding  those  sites  used  as  part  of  the 
master  site  group,  and  therefore  reduced  the  size  of 
the  footprint.  Second,  calculation  of  conditional 
probabilities  was  bas^  on  instantaneous 
coinddence  rather  than  trail  coinddence. 

Therefore,  sites  that  detected  a  trail  non- 
coinddentally  with  the  master  site  were  not 
induded  in  the  conditional  set,  thereby  redudng  the 
conditional  probabilities  and  the  footprint  size. 
Together,  these  two  factors  increased  the  dispersion 
of  the  probabilities  and  probably  made  the  footprints 
appear  smaller  and  more  dreular  than  expected. 

The  goal  of  the  data  analysis  to  date  has  been  to 
study  the  dominant  influences  on  meteor  burst 
spatial  diversity  so  as  to  describe  a  first-order  model 
of  the  meteor  burst  signal  footprint.  Die  data  will 
allow  study  of  numerous  secondary  effects  when 
time  and  resources  permit  Once  all  the  data  are 
processed  consistently,  we  plan  to  decorrelate  the 
effects  of  signal  frequency,  polarization,  and  link 
orientation  with  the  magnetic  field.  The  effects  of 
signal  frequency  on  diversity  may  be  too  weak  to 
identify  b^use  of  the  dosely  spaced  frequendes 
used  in  this  test  The  present  ikta  seem  to  indicate 
a  10%  greater  diversify  for  the  horizontally 
polaii^  signals,  but  the  influence  of  link 
orientation  is  too  weak  an  effect  to  identify  with  the 
data  analysis  we  have  completed  to  date.  Die  data 
collected  at  other  link  distances  will  be  processed  to 
determine  the  influence  of  link  range  w  footprint 
size.  And  while  we  have  identified  little  diunud 
variation  of  foofyiiint  size  or  trail  density  makeup  at 
the  626-mile  link  range,  we  will  continue  this 
investigation  with  the  remaining  data. 


Further  data  analyms  will  be  performed  to  study 
dynamic  influences  on  diversify.  Two  dynamic 
processes  seem  to  be  present  in  the  data  but  have 
not  been  quantified:  the  effects  of  trail  formation 
and  trail  drift.  By  timing  the  leading  edge  of  the 
detected  bursts  at  the  various  array  sites,  we  have 
identified  a  leading  edge  velodty  of  approximately 
200  km/s,  or  rougUy  twice  the  expect  trail 
formation  speed.  During  longer  bursts,  we  detected 
a  much  slower  and  wider  area  propagation  at 
approximately  the  speed  of  the  neutrd  winds 
(25  m/s).  The  array  temporal  sampling  rate  was 
40  ms/sample,  and  the  spatial  sampling  ranged 
from  4.2  to  334  km,  with  typical  spadi^  of  60  km. 
Typical  overdense  trails  crossed  a  portion  of  the 
array  in  10  to  20  time  samples,  a  sufficient  amount 
to  characterize  the  direction  and  speed  of  the  trail. 
Future  work  will  include  development  of  data 
analysis  techniques  to  characterize  the  velocities  of 
these  dynamic  effects  as  well  as  to  quantify  the 
effects  of  these  transient  phenomena  on  array 
diversity. 
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SUMMARY 

Adaptive  antenna  techniques  normally  make 
use  of  known  properties  of  the  desired  signal,  such 
as  Its  direction  or  an  embedded  code,  to  distinguish  It 
from  Interference.  When  this  It  not  possible, 
algorithms  such  as  power  ratio  Inversion  or  Gram- 
Schmidt  are  used.  These  techniques  tend  to  invert 
the  relative  powers  of  signals  arriving  at  the  array,, 
and  thus  are  effective  whan  the  Interference  Is 
substantially  stronger  than  the  desired  signal. 
However,  when  signal  levels  are  close,  such 
techniques  fall.  This  paper  presents  analytic  and 
modelling  studies  of  the  eigenvector  weighting 
technique.  It  Is  shown  that  this  technique  performs 
substantially  better  than  power  ratio  Inversion 
techniques.  Like  the  power  ratio  Inversion  methods, 
eigenvector  weighting  Is  most  effective  when  there 
Is  a  large  separation  In  signal  powers.  However,, 
even  when  the  signals  are  close  In  power, 
satisfactory  cancellation  can  be  achieved  with 
eigenvector  weighting  for  a  large  fraction  of  cases. 
The  actual  performance  depends  on  array  geometry 
and  number  of  elements. 


INTRODUCTION 

In  a  crowded,  possibly  hostile,  radio  environ¬ 
ment,  communication  Is  threatened  by  interference 
due  to  other  users  or  enemy  Jammers.  Many-user 
nets  require  a  means  of  discriminating  between 
concurrent  users.  Adaptive  antenna  arrays  provide 
spatial  discrimination  against  Interference,  and  a 
means  of  separating  the  signals  from  multiple  users 
in  a  net.  These  arrays  normally  employ  techniques 
which  use  known  features  of  a  desired  signal,  such  as 
a  predetermined  embedded  code  or  a  known  direction, 
in  order  to  distinguish  it  from  other  signals. 

Predetermined  identification  techniques  are  net 
appropriate  for  some  communications  signals. 
Strategies  which  may  be  used  In  such  cases  include 
the  power  ratio  inversion  algorithm  [1]  and  the 
Gram-Schmidt  orthogonallzation  approach  (2).  These 
techniques  tend  to  invert  the  relative  powers  of 
signals  Incident  on  the  array,  yielding  a  desired 
signal  at  the  output  which  is  as  much  above  the  co¬ 
channel  interference  level  as  its  input  counterpart  is 
below  the  interference. 


Eigenvector  weighting  has  been  proposed  as  a 
means  of  separating  independent  incident  signals  [3J. 
Using  eigenvectors  of  the  covariance  matrix  of  the 
Input  signals  as  weights  to  transform  the  array 
Inputs  yields  a  set  of  uncorrelated  output  signals. 

This  lack  of  correlation  Is  a  property  also  of  the 
Independent  Incident  signals,  and  it  has  been 
suggested  that  the  output  signals  produced  by 
eigenvector  transformation  consist  mainly  of  the 
independent  Incident  signals.  There  is  a  fallacy  in 
this  reasoning.  There  exist  linear  combinations  of 
the  Incident  signals  which  are  uncorrelated  There 
are  also  other  transformations  such  as  Gram- 
Schmidt  orthogonallzation  which  cause  the  outputs  to 
be  uncorrelated.  Nonetheless,  modelling  and 
simulation  studies  [3,4]  Indicate  good  performance 
for  the  eigenvector  technique  when  the  signals  of 
interest  are  well  separated  In  power. 

This  paper  presents  analytic  and  modelling 
studies  of  the  eigenvector  technique.  Its  perform¬ 
ance  relative  to  power  ratio  inversion  is  considered. 

SIGNAL  FORMULATION 

A  complex  baseband  formulation  is  used  In  this 
analysis.  Column  vectors  are  indicated  by 
matrices,  by  bold  type,  and  the  complex  conjugate, 
transpose,  and  conjugate  transpose  operations,  by  *, 
and  respectively. 

Consider  m  independent  signals  with  baseband 
time  dependence  sj(t),  j°l,m,  incident  on  an 
n-element  array.  Let  gij  be  the  complex  gain  of  the 
ith  element  of  the  array  to  the  jth  signal.  The 
resultant  signal  at  element  I  is  given  by 

xi  =  i9ijsj  +  (f) 

where  n;  is  the  noise  present  on  the  ith  channel.  The 
array  response  vector  gj  to  the  jth  signal  is  defined 
as 

9j  *  I  91).  92].  9n))^  (2) 
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and  the  n  x  m  array  response  matnx  G  to  the 
collection  of  signals,  is  likewise  defined  as 


G  = 


911  -gii-gim 
9i1  9ij  ••  9im 
■  9n1  9nj  9nm-J 


=  [91.  92.  - 9ml  (3) 


Using  the  array  response  matrix,  (1)  can  be 
expressed  in  vector  form  as 


EIGENVECTOR  SEPARATION  TECHNIQUE 

In  the  eigenvector  separation  technique  the 
eigenvectors  of  the  covariance  matrix  R  are  used  as 
weight  vectors  to  transform  the  array  input  signals 
vector  X  into  an  output  vector  y.  If  the  technique  is 
successful  the  components  of  y  should  consist 
primarily  ot  the  separated  independent  signals  sj. 

The  interference  cancellation  problem  is  then  reduced 
to  selecting  the  output  ohannel  which  contains  the 
desired  signal. 


X  »  G  §  +  n  ,  where  (4) 

X  -  |xi ,  X2,  -  -,  Xnl^,.  s  >  [si,,  S2,  -  -,  Sm)^.,  and 
n  «  (ni ,  n2.  ■  rinl^  aie  the  array  input,  signal, 
and  noise  vectors  respectively. 


The  covariance  matrix  R  of  the  Input  signals  is 
given  by 


<xi  xi  >  <xi  X2  >  <xi  Xn  > 
<X2X1*>  <X2X2*>  ••  <X2Xn*> 


<x  x'’> 


Since  R  is  a  covariance  matrix,  it  is 
Hermitlan,  its  eigenvalues  are  real  and  non-negative, 
and  its  eigenvectors  orthogonal  [5].  Define 
E  «  (§1.  eg.  -  en)  as  the  matrix  whose  column 
vectors  are  the  normalized  eigenveotors  Sj  of  R, 
ordered  according  to  the  size  of  their  corresponding 
eigenvalues  kj,  from  largest  to  smallest.  As  the 

eigenvectors  Sj  are  normalized  and  orthogonal,  E  Is  a 
unitary  matrix. 

The  eigenvector  equation  can  be  written 


L<xnxi*>  <XnX2*>  <xnxn*>  J 

(5) 


RE.EA 


(8) 


where  <  >  represents  the  statistical  average,  which 
is  approximated  In  practice  by  a  time  average.  The 
input  signals  sj,  j«1,m  and  channel  noise  signals  n|, 
{•l.n  are  assumed  to  be  independent  and  thus  non¬ 
correlating.  Using  (4)  and  (5),  the  covariance 
matrix  can  be  written  as 


where  A  is  the  diagonal  matrix  whose  ith  diagonal 
element  is  the  eigenvalue  Xj  corresponding  to  the 
eigenvector  ej.  Since  E^  ■  E'^  for  unitary  matrices, 
premultiplying  both  sides  of  (8)  by  E^  yields 

E^^RE-A.  (9) 


R  «  GPG^  +  N 


(6) 


where  P 


Pi  0  ..  0 
0  Pg..  0 


Loo,.  PmJ 


is  the  matrix  of  the 


signal  powers  Pj 


<sjsj*>,  and  N 


"Ni  0  ..  0  ■ 
0  Ng..  0 

.0  0  ..  Nn- 


the  matrix  of  the  channel  noise  powers  N|  >  <n|nj‘>. 
In  the  subsequent  analysis,  the  noise  power  is 
assumed  to  be  independent  of  channel  number,  so  that 
N  may  be  written 


N  a  O 


2| 


(7) 


2 

where  I  is  the  n  x  n  identity  matrix,  and  a  is  the 
noise  power  per  channel.  Although  the  noise  level 
may  not  be  constant  between  channels  in  practice, 
this  Introduces  little  error  provided  the  noise  levels 
are  much  lower  than  the  signal  levels  of  interest. 


The  eigenvectors  are  used  as  weights  to 
transform  the  array  input  signals  vector  x, 

yi  .  ei^  X  .  or  y«E*^  x  (10) 

where  y  »  1  yi ,  yg.  •  yn)"^  is  Ihe  vector  of 

output  signals.  From  equation  9  the  covariance 
matrix  R'  of  the  output  signals  is  the  diagonal  matrix 
of  the  eigenvalues. 


R-.<yy^>  -  eH<xx^>E  .  E^RE  .A  (11) 

Equation  1 1  Implies  that  the  use  of  eigenvectors  as 
weights  yields  a  set  of  output  signals  yi  which  are 
non-correlating. 

In  equation  6  the  covariance  matrix  R  was 
written  as  the  sum  of  two  matrices,  one  due  to  the 
signals,  and  the  other  due  to  noise; 

R  «$  r- N,  where  S  >  GPG^  (12) 
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If  the  array  response  vectors  gj  to  the  signals  sj, 
j=1  ,m,  are  independent,  then  S  is  of  rank  m  and  has 
m  non-zero  eigenvalues.  S  Is  Hennitlan  and  its 
eigenvectors  are  orthogonal.  Let  uj,  i=1.m,  be  the 
normalized  eigenvectors  of  S  and  7;  be  their 
corresponding  eigenvalues.  Since  N  is  of  the  form 
0^1  (equation  7), 

Ruj  =  (Yi  +  o^)ui  .  (13) 


CONDITIONS  FOR  PERFECT  SIGNAL 
SEPARATION 

One  is  tempted  to  suggest  that  since  the 
original  independent  signals  are  non-correlating,  the 
eigenvector  transformation  has  separated  the  array 
input  signals  into  the  original  signals.  While  this  is 
not  true  in  general.  It  is  enlightening  to  explore  the 
conditions  under  which  perfect  signal  separation  is 
achieved. 


it  Is  evident  from  (13)  that  the  eigenvectors  uj  of  S 
are  also  eigenvectors  of  R,  and  the  eigenvalues  of  R 
are  given  by 

Xi-Yi  +  o^  (14) 


Therefore  Qj  can  be  replaced  by  §{,  ial.m,  and 
expressed  as  columns  of  the  matrix 
Eg  >  [ei,  eg,  -  em).  ordered  as  before  from 
largest  to  smallest.  The  eigenvectors  Eg  are 
determined  by  the  signals  and  span  the  signal 
subspace  of  R. 

In  addition  to  these  orthonormal  vectors,  an 
arbitrary  set  of  n-m  orthonormal  vectors 
Sj,  j>m4'l,n,  can  be  chosen  from  the  remaining 
orthogonal  subspace  of  R.  These  vectors  are 
transformed  by  S  into  the  null  vector,  and  are 
eigenvectors  of  R  corresponding  to  the  common 
eigenvalue  ; 

Rej  *  (S  N)  Sj  a  Nej  >  o^Sj  (IS) 

The  matrix  of  these  remaining  eigenvectors  is 
denoted  by 

En  ■  [Sm+I.  Sm+a.  •  • .  Snl  (16) 

The  total  set  of  eigenvectors  is  then  represented  by 
the  columns  of  the  matrix 


E-IEs.EnI  (17) 

where  Eg  spans  the  signal  subspace  and  Em  spans  the 
noise  subspace  of  R. 


From  equations  11,  14,  and  15  the  output 
-  -H 

correlation  matrix  <  y  y  >  the  output  signals  are 
noncorrelating,  with  powers  given  by  the  diagonal 

elements  of  <  y  y  >  according  to 


Pi(out)  a  <yi 


yi*>«  I 


Yi+o 

.2 


lor  ial  to  m 
for  iam+1  to  n 


(18) 


Consequently,  under  eigenvector  weighting,  the  first 
m  output  channels  contain  the  signals  plus  noise  while 
the  last  n-m  contain  noise  only. 


It  is  now  shown  that  perfect  separation  of 
signals  by  the  eigenvector  technique  occurs  only  if 
the  array  signal-response  vectors  are  orthogonal 

From  equations  4  and  10  the  output  signal  y  can 
be  expressed  in  terms  of  the  Input  signals  s  and  noise 
n  by 

y  a  E^  X  a  E^Q  s  +  E^n  -As  +  E'^n  (19) 


where  A  a  E^^Q  Is  an  n  x  m  matrix  having  ijth 
component  a|j.  The  signal  for  the  ith  output  channel 
Is  given  by 


yi-Z-kaiaikSk  +  noise  term 


(20) 


Perfect  signal  separation  means  that  each 
independent  signal  s|(  is  found  in  one  and  only  one 
output  channel.  The  signal  ordering  Is  arbitrary  and 
can  be  chosen  so  that  appears  in  the  kth  channel, 
for  kai,m.  This  means,  using  (20),  that  the 
components  of  A  can  be  written  as  aiK  «  a;  SjK  , 

where  Sik  is  the  Kroenecker  delta.  Since  E*^  Q  ■  A, 
and  E  Is  unitary,  the  array  response  matrix  can  be 

expressed  as 

Tai  0  ,.  0  "I 

0  ag ..  0 


Q  >  EA  ■  [ei,  eg,  .  -.Sn] 


0  0  ..  am 
0  0  ...  0 


1-0  0  ...  0  -J 


or,. 

Q  “  (91.  92.  ■  •.  9ml 


-|ai«1.«2»2.  «m«m)  (21) 

Since  the  eigenvectors  Sj  are  orthonormal,  the  array 
response  vectors  gj  are  orthogonal. 

The  converse  is  also  true  (orthogonal  response 
vectors  implies  that  eigenvector  weighting  separates 
the  signals  perfectly),  provided  the  signal-related 
eigenvalues  are  distinct.  This  is  shown  next. 


+ 
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If  the  array  response  vectors  gj  are 
orthogonal,  they  can  be  shown  to  be  eigenvectors  of 
R  by  postmultiplying  (6)  by  gj, 

Rgj«  OPG^gj  +  Ngj-  Igjl^Pjgj  +o2gj  .  Xjgj 


(22) 

where  Xj  •  |gj|^  P]  +  is  the  corresponding 
eigenvalue  of  R.  Since  the  signal  eigenvalues  Xj  are 
distinct,  the  corresponding  normalized  eigenvectors 
consist  of  the  unique  signal  eigenvectors  given  by 


Pl.Pg,  and  are  the  signal  and  noise  powers 


respectively.  The  eigenvector  weights  are  orthog¬ 
onal,  making  the  last  term  of  (26)  zero.  Equation  26 
becomes 


Pi  ^  ai2  322* 
P2  “  ail  821* 


(27) 


From  (25),  the  power  due  to  the  jth  signal  Sj  in  the 
ith  output  channel  Is  given  by 


gj(i)  -  ai]  aij'Pj  (28) 


Es-[gi/l9ll.  92/1921.  9m/lgmll  (23) 


plus  the  orthogonal  noise  eigenvectors 
En  •  (sm+l.  «m+2,  -  -,  Snl-  From  (23),  (17)  and 
the  orthogonality  of  Q  and  En,  A  can  be  written  as 


E^Q  . 


Es« 

LEn^J 


Igil  0  ..  0 

0  1921.-.  0 

0  0  ...Igml 

0  0  .  ..  0 

•-  0  0  ...  0  • 


(24) 


Thus  A  has  a  quasi-diagonal  form,  which  from  (20) 
is  equivalent  to  perfect  signal  separation  at  the 
output. 


TWO-SIQNAL  CASE 

When  only  two  signals  (e.g.,  a  communications 
signal  and  a  single  interfering  signal)  are  incident  on 
ar  array  using  eigenvector  weighting,  only  the  first 
two  output  channels  will  contain  signal  co.atributions 
(equation  18).  The  signals  In  these  two  channels  are 
uncorrelated  (equation  11).  As  will  now  be  shown, 
this  lack  of  correlation  has  interesting  implications. 

The  output  signals  yi ,  yg  can  be  written  in 
terms  of  the  initial  indepe~dent  signals  si.  sg  and 
channel  noise  ok.  kal.n,  as 

V  ^  • 

y,  -  aiisi  +ai2S2  +  i,j.lWki  n^,  i -1.2  (25) 

where  WKj.  k>1,n,  are  the  weights  wj  used  for  the 
ith  output  channel.  The  non-correlation  of  outputs  yi 
and  yg  can  be  expressed  using  (25)  and  the  fact  that 
the  signals  Sj  and  noise  n|(  do  not  correlate,  as 

0  .  <yiy2‘> 

a  ai  lagi  Pi  +  aigagg  Pg  +  wi*^  W2o  (26) 


and  the  ratios  of  the  powers  of  the  signals  si  and  sg 
in  the  ith  output  channel,  by 

Mil  811  811*  Pi 

82(1)  ■  ai2  ai2*  P2  ' 


By  manipulating  (27)  and  (29),  it  is  seen  that 


Btd)  82(2) 

82(1)  '  gi(2) 


(30) 


Interpreting  one  of  the  signals  as  a  desired  signal  and 
the  other  as  interference,  equation  30  states  that  the 
signal-to-Interference  ratio  Is  Inverted  between  the 
two  output  signal  channels. 


PERFORMANCE  RELATIVE  TO  POWER  RATIO 
INVERSION 

The  Qram-Schmidt  weighting  technique  [2], 
tka  the  eigenvector  weighting  technique,  produces 
outputs  signals  which  do  not  correlate.  Equation  30 
can  be  shown  to  apply  to  this  technique  as  well,  for 
low  noise  levels  (6].  Since  for  the  Gram-Schmidt 
technique,  the  first  output  channel  is  the  same  as  the 
first  input  channel,  the  second  output  channel  may  be 
interpreted  as  inverting  the  relative  powers  of  the 
two  signals  as  seen  by  the  first  array  element.  The 
constrained  matrix  inversion  technique  can  be  shown 
to  have  a  performance  similar  to  that  of  the  Gram- 
Schmidt  method  (2,6).  These  two  techniques  thus 
have  a  performance  similar  to  that  of  the  power 
ratio  inversion  algorithm  [1], 

This  section  compares  the  performance  of 
eigenvector  weighting  to  that  of  the  above-mentioned 
power-ratio-inverting  techniques  in  separating  two 
Incoming  signals.  It  is  shown  that  for  arrays  with 
similar  element  antenna  patterns,  eigenvector 
weighting  performs  better  than  power  ratio 
inversion  for  all  signal  directions,  with  power  ratio 
inversion  providing  a  greatest  lower  bound  to  the 
eigenvector  performance. 


j 


I 


I 
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It  is  noted  that  the  array  input  x  of  a  number  of 
signais  s;,  isl.rn  incident  on  an  n-element  array 
with  common  element  pattern  g(6,6),  where  6  and  6 
represent  signal  arrival  direction  azimuth  and 
elevation  respectively,,  is  the  same  as  the  array 
input  of  a  number  of  signals  Sj'  >  g(6i.di)S|,  is>1,m, 
incident  on  an  array  of  identical  geometry  and 
isotropic  element  patterns.  Therefore  the  condition 
of  identical  element  patterns  may  be  replaced  by  the 
sasier-to-handle  condition  of  isotropic  patterns. 


G  s  [  gi,  g2]  (equations  1-3)  was  calculated  from  a 
given  array  geometry  and  signal  directions.  The 
ideal  covariance  matrix  R  was  then  calculated  from 
response  matrix  G,  together  with  given  input  signal 
powers  ,  Pg,  and  channel-independent  noise  power 

o  ,  using  equations  6  and  7.  From  the  ideal 
covariance  matrix  thus  obtained,  the  normalized 
eigenvectors  e|(,  ks1,n,  were  computed,  and  ordered 
according  to  the  sizes  of  their  eigenvalues,  strongest 
first. 


From  equation  4,  the  signal  in  the  first 
eigenvector  output  channel  is  given  by 

yi  »  ei^x  ■  ei*^Os+ei*^n 

-  (ei'^gi)si  +(ei^g2)S2  +  ei^n  (31) 


The  first  term  on  the  right  side  of  (31)  is  due  to 
signal  1 ,  the  second,  to  signal  2,  and  the  third,  to 
noise.  Therefore  the  ratio  of  signal  powers  in 
channel  1  is  given  for  the  eigenvector  technique  by 


81(1)  |ei^^gi|2  ^ 

82(1)  elv  "  lei^ggl^  ^2 


(32) 


The  output  powers  in  the  kth  channel,  k«1,2, 
due  to  the  jth  signal,  (mI  ,2,  were  computed  from 

ej(k)-  PjlSk^gjl^  (34) 

The  corresponding  noise  power  in  each  of  the  output 
2 

channels  was  given  by  o  . 

The  output  channel  favouring  the  communi¬ 
cations  signal  was  selected  lor  evaluation  purposes 
This  was  usually  the  second  channel,  as  the 
communications  power  was  normally  less  than  the 
jamming  power. 


According  to  the  ordering  adopted  In  this  paper. 

Pi  Z  P2  •  This  ordering,  together  with  equations  30 
and  32,  implies  that  the  eigenvector  technique 
provides  better  signal  separation  than  power  ratio 
inversion  when  |ei*^gil  >  |ei*^g2l.  and  when 
l^i^gil  •  |4l^S2l'  signal  separation  provided  by 
eigenvector  weighting  matches  that  of  power  ratio 
inversion.  Therefore  the  problem,  of  proving  that 
the  performance  of  eigenvector  weighting  is 
everywhere  better  than  that  of  power  ratio 
inversion  with  power  ratio  Inversion  providing  a 
greatest  lower  bound  to  eigenvector  performance,  is 
reduced  to  proving  that 

let^Qll  2  Iei^g2l  (33) 

everywhere  with  the  equality  being  a  limiting  case. 

The  proof  of  (33)  is  of  some  length  and  is  given 
in  the  Appendix. 


COMPUTER-MODELLING 

The  eigenvector  weighting  technique  was 
modelled  on  a  PC  using  the  MATLAB  numeric 
computation  package,  for  the  case  of  a  commun¬ 
ications  signal  and  a  single  Jamming  signal. 

Except  as  noted,  array  element  patterns  were 
modelled  as  isotropic.  The  array  response  matrix 


Figure  la  shows  the  computed  ideal  perform¬ 
ance  of  the  eigenvector  separation  technique,  for  the 
case  of  a  iwo-element  half-wavelength-spaced  array 
and  a  normally  incident  communications  signal  The 
output  signal  to  noise-plus-interference  ratio 
SNiR(out)  Is  plotted  as  a  function  of  jamming 
incidence  angle  for  various  values  of  SNIR(in).  Two 
sets  of  curves  are  shown'  one  for  negligible  noise 
power  (-lOOdB  relative  to  communications)  and  the 
other,  for  a  plausible  noise  power  (-30dB) 

With  negligible  input  noise  power,  when  the 
jamming  Incidence  angle  is  close  to  that  of  the 
communications  (0°).  the  performance  equals  that  of 
power  ratio  inversion.  (A  singular  point  for  which 
SNIR(out)  is  undefined  occurs  when  the  angles  are 
exactly  equal;  this  is  not  shown  on  the  figures.) 

When  the  jamming  angle  approaches  either  +  or  - 
90°,.  SNIR(out)  becomes  infinite,  suggesting  perfect 
separation.  The  response  vector  of  the  array  to  the 
jamming  is  orthogonal  to  the  communications 
response  vector  for  these  directions.  At 
intermediate  angles,  performance  lies  between  that 
of  perfect  separation  and  power  ratio  inversion  It  is 
interesting  to  note,  that  even  with  near-equal  power 
levels  (SNIR(in)  -  -1  and  -3dB  in  Figure  la), 
acceptable  performance  (taken  as  SNIR(out)  >  lOdB) 
is  achieved  for  a  significant  fraction  of  jammer 
incidence  angles. 

The  addition  of  input  noise,  as  illustrated  in 
Figure  la,  causes  the  performance  to  drop  at  nearly- 
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Figure  1a.  SNIR(out)asa 
function  of  jamming  incidence 
angle,  for  a  normally  incident 
communications  signal  and 
various  values  of  SNIR(ln)  on  a 
X/2-spaced  2-element  array 
using  eigenvector  weighting. 
Curves  are  shown  for 
negligible  Input  noise  power 
(-tOOdB  relative  to 
communications)  and  plausible 
input  noise  power  (-30dB). 


[figure  1b.  SNIR(out)  as  a 
function  of  jamming  incidence 
angle,  for  a  normally  incident 
communications  signal  and 
various  values  of  SNIR(in)  on  a 
X/2-spaced  4-element  linear 
array  using  eigenvector 
weighting.  Input  nuise  power 
was  negligible  (-lOOdB  relative 
to  communications). 


Figure  1c.  SMP)(out)  as  a 
function  of  jammlitg  Incidence 
angle,  for  a  normally  incident 
communications  signal  and 
various  values  of  SNIR(ir')  on  a 
X/2-8paced  8-elemen:  linear 
array  using  eigenvector 
weighting.  Input  noise  power 
was  negligible  (-lOOdB). 


equal  signal  directions.  This  happens  because  the 
output  communications  power  approaches  zero  when 
Its  direction  approaches  that  of  the  stronger  jamming 
signal,  while  the  output  noise  power  remains  finite. 
This  is  a  feature  of  most  interference-cancelling 
techniques,  not  only  eigenvector  weighting.  The 


addition  of  noise  also  limits  the  maximum  value  of 
SNIR(out)  which  is  achieved  at  directions  where  the 
input  signals  are  orthogonal,  to  the  input  signal  plus 
noise  ratio  SNR(in)  (30dB)  plus  the  array  gam  (3dB). 
Apart  from  these  limitations,  the  observations  noted 
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for  the  ncise-absent  case  are  true  tor  the  noise- 
present  case. 

In  the  remainder  of  the  modelling  results 
discussed,  a  negligible  noise  power  (-tOOdB)  has 
been  used.  This  is  done  in  order  to  simplify  the 
results  so  that  other  features  are  clearer.  The 
addition  of  noise  does  not  alter  the  conclusions  thus 
obtained. 

Figures  1b  and  1c  show  the  corresponding 
performances  for  a  four  and  eight-element  linear 
half-wavelength  spaced  array,  respectively.  Like 
the  two-element  case,  the  performance  drops  to  that 
of  power  ratio  Inversion  when  the  jamming  angle 
approaches  that  of  the  communications,  and 
increases  to  that  of  perfect  signal  separation,  at 
jamming  angles  corresponding  to  orthogonal  jamming 
and  ccmmunicatlons  response  vectors.  The 
performances  for  near-equal  input  power  levels 
(SNIR(in)  m  -1,  -3dB)  are  seen  to  be  acceptable 
(SNIRfout)  >  lOdB)  over  a  wider  range  of  jamming 
angles,  as  the  number  of  elements  increases. 


Figures  2a,  b,  and  c  show  corresponding  three- 
dimensional  plots  tor  the  case  of  SNIR(in)  »  -3dB,  for 
the  two,  four,  and  eight-element  half-wavelength 
spaced  array  respectively.  SNIR(out)  is  plotted  as  a 
function  of  the  jamming  and  communications 
incidence  angle,  in  this  case.  The  plot  extends  over 
all  jamming  and  communications  incidence  angles, 

-90  to  ■i-OO'*,  relative  to  the  array.  Provided  that 
the  angles  lie  near  the  horizon,  the  incidence  angles 
represent  equally  likely  azimuth  angles.  In  order  to 
provide  a  measure  of  the  fraction  of  cases  for  which 
communications  Is  acceptable,  the  plots  aie 
truncated  at  the  SNIR(out)  »  lOdB  level.  The 
fraction  of  angles  for  which  SNIR(oul)  >  lOdB  is  thus 
Illustrated.  As  previously  suggested  by  figures  la, 
b,  and  c,  acceptable  communications  is  achieved  for 
near-equal  input  powers  over  a  wider  fraction  of 
angles,  as  the  number  of  elements  increases. 

The  modelling  represanted  by  Figures  2a,  b, 
and  c  was  repeated  for  other  values  of  SNIR(in),  to 


z-cleinem  liiK«r  »miy  ElOENVECTOR  WEIOHTINO  SNIR(ln)  - -MB 


Figure  2a.  Three-dimensional  plot 
of  SNIR(out)  as  a  function  on 
communications  and  jamming 
incidence  angle,  for  Input 
communications,  jamming  and 
noise  signals  of  0,  3,  and  -lOOdB 
respectively,  on  a  X/2-spaced 
2-element  array  using  eigenvector 
weighting.  The  plot  is  limited 
above  at  lOdB. 


to-i 


0- 


4-«lenieni  linear  airiy  HOENVECTOR  WEtOHTINO  SNIR(in)  ■ 


Figure  2b.  Three-dimensional  plot 
of  SNIR(out)  as  a  function  on 
communications  and  jamming 
incidence  angle,  for  input 
communications,  jamming  and 
noise  signals  of  0,  3.  and  -lOOdB 
respectively,  on  a  X/2- spaced 
4-elemenl  linear  array  using 
eigenvector  weighting.  The  plot  is 
limited  above  at  lOdB. 


I 
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8«lenKnt  Unur  array  EIGENVECTOR  WEIGHTING  SNIR(iii)  • -3dB 


Figure  2c.  Three-dimensional  plot 
of  SNIR(out)  as  a  function  on 
communications  and  jamming 
incidence  angle,  for  Input 
communications,  jamming  ana 
noise  signals  of  0,  3,  and  -lOOdB 
respectively,  on  a  X/2-spaced 
8-element  linear  array  using 
eigenvector  weighting.  The  plot  is 
limited  above  at  lOdB. 


determine  the  extent  to  which  acceptable 
communications  can  be  achieved  with  eigenvector 
weighting,  at  near-equal  signal  levels.  The  fraction 
of  angles,  lor  which  acceptable  communications 
(SNIR(out)  >  tOdB)  Is  achieved,  is  plotted  for  the 
two,  four  and  eight-element  linear  arrays  as  a 
function  of  SNIR(in)  In  Figure  3.  This  fraction  is  seen 
lo  be  symmetric  about  SNIR(ln)  •  0°.  This  result 
arises  from  the  performance  symmetry  In  the  Iwo- 
signal  case,  described  In  equation  30  in  terms  of  the 
relative  output  powers  being  inverted  between  the 
two  signal  output  channels.  The  Improvement  in 
performance  with  Increasing  number  of  elements  is 
also  evident.  To  put  these  results  In  perspective,  it 
should  be  noted  that  the  power-inversion  techniques 
would  not  result  in  acceptable  communications  at 
these  values  of  SNIR(in),  for  any  angles.  While  not  a 
completely  satisfactory  solution  for  the  case  of 


Figure  3.  Fraction  of  commumcations  and 
jamming  directions  for  which  SNIR(out) 
exceeds  lOdB,  as  a  function  of  SNIR(in),  for 
2,  4,  and  8-element  l/2-spaced  linear  arrays 
using  eigenvector  weighting. 


near-equal  powers.  Figure  3  shows  that  eigenvector 
separation  can  provide  acceptable  performance  In  a 
large  fraction  of  cases,  and  thus  Is  substantially 
better  than  the  power-inverting  alternatives. 

The  effect  of  gam  differences  in  the  input 
channels  is  illustrated  in  Figures  4a  and  b.  These 
figures  demonstrate  the  effects  of  reducing  the  gam 
in  one  channel,  relative  to  the  others,  lor  the  two 
and  four-element  linear  half-wavelength  arrays  The 
communications  signal  was  normally  incident  and 
SNIR(ln)  was  -3dB,  with  a  negligible  noise  level. 
SNIR(out)  wan  plotted  as  a  function  of  jamming 
incidence  angle,  for  various  channel  gain  mismatches 
It  can  be  seen  that  the  array  performance  for  those 
directions  where  eigenvector  separation  performs 
best  deteriorates  rapidly  with  channel  gain  differ¬ 
ences.  This  effect  IS  worst  for  the  two  element 
case;  lor  very  large  gain  differences,  the  2-element 
performance  is  everywhere  reduced  to  that  of  power 
ratio  inversion.  For  the  four-element  case  the 
behavior  is  more  complex,  and  depends  on  which  and 
how  many  elements  have  reduced  gam.  The  example 
shown  in  Figure  4b  is  for  a  single  attenuated  channel. 
V/hen  three  of  the  four  channels  are  severely 
attenuated,  the  performance  was  also  found  to  be 
reduced  to  that  of  power  ratio  inversion.  These 
results  indicate  that  efforts  should  be  made  lo 
provide  equal  input  channel  gams  for  systems  where 
the  eigenvector  separation  technique  is  used. 

The  superior  performance  of  the  eigenvector 
technique  over  power  ratio  inversion  methods  was 
shown  analytically  for  the  case  of  two  signals  and 
identical  element  patterns.  On  an  intuitive  basis,  the 
increased  degrees  of  freedom  used  m  determining  the 
weights  for  the  first  and  second  output  channels 
suggest  that  the  eigenvector  technique  is  likely  to  be 
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Figure  4a.  Effect  of  channel  gain 
differences  on  eigenvector 
weighting  performance  of  a  V2- 
spaced  2'element  array,,  for  a 
normally  incident  communications 
signal  and  communications, 
jamming,  and  noise  powers  of  0, 
3,  and  -tOOdB,  and  various 
values  of  attenuation  applied  to 
one  of  the  channels. 
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Figure  4b.  Effect  of  channel  gain 
differences  on  eigenvector 
weighting  performance  of  a 
X/2-spaced  2-element  linear 
array,  for  a  normally  incident 
communications  signal  and 
'.'ommunicatlons,  jamming,  and 
noise  powers  of  0,  3,  and 
■lOOdB,  and  various  values  of 
attenuation  applied  to  one  of  the 
channels. 


superior  to  power  ratio  inversion  (as  demonstrated 
by  Gram-Schmidt  orthogonallzation  which  fixes  the 
first  weight  vector  and  permits  only  one  degree  of 
freedom  in  the  second  weight  vector)  much  more 
often  than  not. 

A  plausible  example  of  non-identical  element 
patterns  is  provided  in  the  four-element  square 
array  with  differently-directed  offset-circular 
element  patterns,  illustrated  in  Figure  5.  The 
performance  for  this  array  using  a  front-to-back 
ratio  of  10dB  in  the  element  patterns,  for  SNIB(in)  > 
-3dB,  is  illustrated  in  Figure  6.  In  this  figure, 
SNIR(out)  Is  plotted  versus  jamming  and  commun¬ 
ications  incidence  angles  in  a  3-dimensional  format. 
As  can  be  seen  in  this  figure,  the  array  performance 
has  a  minimum  of  SNIR(out)  •  3d8,  which  occurs 
when  the  jamming  incidence  angle  approaches  that  of 
the  communications.  Substantially  better  perform¬ 
ances  are  achieved  for  a  large  fraction  of  possible 


Figure  5.  Modelled  square  array  with 
differently-directed  offset-circle  element 
patterns. 


directions.  Thus  the  eigenvector  performance  with 
this  array  is  better  than  that  of  a  similar  array  with 
non-directive  elements  using  power-ratio  inverting 
techniques. 
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Figure  6.  Three-dimensional  plot  of 
SNIR(out)  obtained  with  eigenvector 
weighting,  as  a  function  of  “[ 

communications  and  jamming  i 

incidence  angles,  for  input  j 

communications,  jamming,  and  ^  ■ 

noise  signals  of  0,  3,  and  -lOOdB  | 

respectively,  for  the  array  of  c-  > 

Figure  S  with  a  forward  to  back  J.  ■ 

ratio  of  10dB  in  the  element  |  | 

patterns.  The  plot  is  limited  above  o— 
at  10  dB. 


2x2  directed-elenient  array  EIGENVECTOR  WEIGHTING  SNlR(iii)  »  -3dB 


Further,  since  the  signals  which  are  weighted 
and  combined  In  any  adaptive  array  technique  are 
those  seen  by  the  element  antennas,  the  effect  of 
directive  elements  on  power-ratio  inversion  methods 
is  expected  to  be  merely  a  shift  in  the  value  of 
SNIR(ln)  corresponding  to  a  certain  value  of 
SNIR(out).  For  any  given  set  of  signal  directions,  the 
poor  values  of  SN!R(out)  corresponding  to  near-equal 
Input  powers  (as  seen  by  the  antennas)  would  still 
occur  under  power  ratio  inversion. 

From  the  above,  it  can  be  Inferred  that  in 
situations  where  a  single  algorithm  Is  to  be  used  to 
cover  a  range  of  possible  signal  powers  and 
directions,  the  eigenvector  technique  Is  preferred 
whether  the  array  elements  are  differently  directed 
or  not.  However,,  if  the  Implementation  is  such  that 
different  algorithms  can  be  tried  on  a  case-by-case 
basis,  then  Including  a  power  ratio  inversion 
technique  along  with  eigenvector  weighting  will  at 
times  improve  performance,  if  the  array  elements 
are  differently  directed. 


SIMULATION 

The  ideal  covariance  matrix  R  assumed  in  the 
analysis  and  used  to  obtain  the  modelling  results 
reported  herein  differs  from  the  time-average 
estimate  found  in  practice,  in  that  the  estimation 
errors  due  to  the  finite  averaging  period  and  random 
signal  variations  have  not  contributed  to  the 
covariance  matnx  elements.  These  errors  give  rise 
to  small  apparent  correlations  between  the  two 
independent  signals  and  the  noise  signals.  As  a  check 
on  the  practical  applicability  of  the  analysis  and  the 
reliability  of  the  modelling  studies,  a  more  detailed 
simulation  was  carried  out  for  the  two  and  four- 
element  arrays. 

The  simulations  included  a  binary-phase-coded 
communications  signal  plus  a  single  jamming  signal. 


incident  on  halt-wavelength  spaced  linear  arrays 
The  jamming  signal  was  either  pure-tone  or  white 
noise.  The  Input  signals  were  constructed  on  a 
sample-by  sample  basis,  using  a  sample  rate  of  5 
samples/bit.  Noise  values  and  white-noise  jamming 
values  were  assumed  to  be  independent  between 
samples.  From  each  block  of  64  Input  samples,  a 
block  covariance  matrix  was  formed.  A  weighted 
average  was  taken  between  the  block  covariance 
matrix  and  the  previous  covariance  matrix  estimate, 
In  order  to  form  a  new  covariance  matrix  estimate. 
The  time  constant  of  the  weighted  averaging  was 
2.54  blocks.  The  simulation  was  run  for  32  blocks, 
and  from  the  weights  thus  obtained  for  each  block, 
SNIR(out)  found,  on  a  block-by-block  basis. 


Figure  7a.  Theoretical  and  simulated  perfor¬ 
mance  of  a  X/2-spaced  2-element  array  with 
eigenvector  weighting,  in  the  presence  of  a 
normally-incident  OdB  communications  signal, 
a  3dB  jamming  signal,  and  -30dB  input  noise 
Mean  values  and  rms  deviations  are  shown 
for  pure-tone  and  noise  jamming  simulations. 
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Figure  7b.  Theoretical  and  simulated  perfor¬ 
mance  of  a  X/2-8paced  4-elament  linear  array 
with  eigenvector  weighting,  in  the  presence  of 
a  normally-incident  OdB  communications  signal, 
a  3dB  jamming  signal,  and  -30dB  input  noise. 
Mean  values  and  rms  deviations  are  shown 
lor  pure-tone  and  noise  jamming  simulations. 
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Figures  7a  and  b  show  the  simulation 
performance,  for  3dB  input  jamming  power  and 
■30dB  noise  power,  relative  to  the  Input  communic¬ 
ations  power,  for  the  two  and  four-element  arrays 
respectively.  SNIR(out)  Is  plotted  as  a  function  of 
the  jamming  incidence  angle,  for  a  normally  incident 
communicatinns  signal.  Average  values  and  rms 
deviations  (on  the  block-by-block  results)  are  plotted 
for  the  cases  of  pure-tone  and  white-noise  jamming. 
Also  shown  are  the  theoretical  statistics-independent 
curves,  computed  from  the  previous  modelling 
program,  for  these  Input  power  levels. 

The  pure-tone  jamming  results  agree  well  with 
the  theoretical  curves  for  both  the  two  and  four- 
element  arrays,  implying  that  the  random  binary- 
phase  coding  of  the  communications  does  not 
substantially  affect  performance.  The  noise  jamming 
results  are  In  agreement  with  the  theoretical  curves, 
at  values  of  SNIR(out)  up  to  15dB.  At  higher 
valuesof  SNIR(out),  the  random  nature  of  the  noise 
jamming  causes  the  average  performance  to  be 
reduced  below  that  of  the  theoretical  curve.  Also, 
the  block-to-block  rms  variation  in  performance  is 
greater  for  the  noise  jamming,  and  for  higher  values 
of  SNIR(out).  It  should  be  noted  that  the  reduction  in 
performance  below  the  theoretically  expected  value, 
found  for  the  case  of  noise  jamming,  does  not  extend 
down  to  the  minimum  values  of  SNIR  (approx.  lOdB) 
needed  for  acceptable  communications. 

The  simulation  results  support  the  validity  of 
the  conclusions  drawn  from  the  analysis  and  the  ideal 
modelling  studies,  for  practical  applications. 


[6]  R.W.  Jenkins  and  K.W.  Moreland,  "A 
Comparison  of  the  Eigenvector  Separation  and  Gram- 
Schmidt  Adaptive  Antenna  Techniques",  submitted 
lor  publication,  1990 


APPENDIX 


It  Is  proven  hero  that,  given  isotropic  array 
elements, 

lei^gil  a  jei^gai  (33) 


In  equation  12,  the  covariance  matrix  R  is 
written  as  R  a  S  -f  N,  where  S  •  QPQ^  and 
N  a  0^1  are  the  signal  and  noise  contributions 
respectively.  The  eigenvectors  Sj,  eg  of  R  were 
shown  to  be  also  eigenvectors  of  the  n  x  n  matrix  S. 
To  show  (33)  is  true,  it  is  helpful  to  find  sj  by 
solving  the  eigenvector  equation  of  S.  Using  the 
factorization 

S  a  (qV^)(0VF)*^,  (A1) 


where  VT 


Wpi*  0 

.  0  VPg. 


and  Q 


(91.  921- 


the  ei9envector  equation  of  S  can  be  expressed  as 

(Q>/F)(QVp’)^e|<  a  Yk  Sk  (A2) 

Premultiplying  (A2)  by  {Qi'{p  )^  yields  the  simpler 
2-dimensional  eigenvector  equation 
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Tvk  =  -I(k  Vk  . 

where 

Vk  =  (gVp")^  Sk 
and 

T  =  (gVF )^{<iyfp  ) 


and 

(A3)  |ei^gil  =  |gil^(Vl?r  +5iiVp2). 


(A4) 

Similarly, 


where  § 


(A13) 

(A14) 


T  Is  a  2  X  2  matrix  whose  eigenvalues  are  the 
eigenvalues  -yk  °( S,  and  whose  eigenvectors  are 

given  by  vk-  The  eigenvector  Sk  of  S  can  be  found  in 
terms  of  vk  by  using  (A4)  to  replace  the  factor 
(gVp" )^ek  on  the  right-hand  side  of  (A2)  by  vk,  thus 
obtaining 

Sk  )vk- 

The  eigenvector  scale  factor  —  is  arbitrary  and  can 
Yk 

be  dropped,  so  that 

Sk  -  (gVF  )  Vk  (A6) 


^1^921  =  1911^  +  4VP2)  (A15) 

The  array  elements  are  assumed  to  have  isotropic 
gains.  Therefore,  gk  is  of  the  form 

p2e**2k_  . 

implying  that 

191|-  1921  -  (I|=i  Pi^  (A16) 

From  (A15),  (At  6)  and  the  Cauchy-Schwarlz 
inequality. 


Proceeding  now  to  find  the  eigenvectors  vk  of  T,  T 
is  expanded  in  terms  of  Its  elements  using  (A1)  and 
(A5)  to  obtain: 

Pflgil^  VpiP2  91^92 
T  -  _  (A7) 

-  VP1P2  92^91  P2l92l^ 


The  quadratic  equation  det(T  •  yl)  -  0  is  solved  for 
the  eigenvalues  of  T  ,  obtaining 


(A8) 


where  x 


P2l92l^-Pllgil^ 
2VP1P2  Igt^ggl 


A  Which  implies  that 

i9ir  i9ir 

0  S  5  S  1  (A17) 

From  (A9),  the  Input  power  ordering  (Py  a  P2),  and 

isotropy  (|gil>  1921).  X  is  non-positive.  Applying 
this  to  (AID),  p  is  seen  to  he  in  the  range 

0  S  p  s  1  (A18) 

From  (A15),  (A16),  (A17)  and  (A18).  together  with 
the  input  power  ordering,  it  can  be  shown  that 

|5l^9ll-|ei*^32l  -  l9ll^  (1-4)(Vpi  -pVp2) 

i  0  (At  9) 


yy  corresponds  to  the  plus  sign  in  (A8)  since  it  is  the 
larger  eigenvalue  by  the  ordering  convention  used. 
Setting 


vy  is  given  by 

Substituting  (A10)  and  (All)  in  (A6),  ey  is  found  to 
be 

ei  .  (gVp")  VI  »  Vp7gi  +  V^pe'iP  §2  (A12) 


Therefore,  lei^gi)  a  |ei*^g2l  ,  which  proves  that 
the  eigenvector  technique  provides  better  signal 
separation  than  the  power  ratio  inversion  techniques 
under  the  condition  of  isotropic  element  patterns. 
When  the  signals  are  close  in  direction,  then  % 

approaches  unity  (At 4),  thus  causing  ley’^gil  to 

approach  ley^ggl  (At 9).  Therefore,  power  ratio 
inversion  provides  a  greatest  lower  bound  to  the 
eigenvector  separation  performance,  given  the 
isotropy  condition. 


16-13 


DISCUSSION 


Geoi^H.HAGN 

What  is  the  impact  of  coherent  multipath  on  the  method  you  have 
presented  ? 

Have  you  gone  beyond  the  theorefical  stage  which  you  presented  to  us  to 
build  a  practical  system  ? 

AUTHOR’S  REPLY 

If  the  multipath  is  completely  coherent,  then  the  resultant  signal  from  that 
source  will  have  a  certain  time-independent  phase  relationship  between 
antenna  elements.  The  technique  will  deal  with  it  as  it  would  any  simple¬ 
mode  signal,  and  performance  would  not  be  reduced.  If  coherence  is  partial 
however,  a  deterioration  in  performance  might  result. 

We  have  a  test  bed  for  HF  and  VHP  applications,  part  of  which  is  a 
programmable  real-time  processing  system.  The  eigen  vector  method  will  be 
implemented  on  that  test  bed,  in  2-element  form,  in  the  near  future,  and,  in 
4-element  form,  about  a  year  from  now. 
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SDNNARF 

This  paper  reviews  techniques 
available  for  estimating  the  effects  of 
man-made  radio  noise  on  distributed 
military  systems  using  empirical  man-made 
noise  models.  The  models  given  in  CCIR 
Report  258  are  reviewed  along  with  the 
empirical  data  base  upon  which  they  are 
based.  Results  of  measurements  of  man-made 
noise  are  presented  for  six  Pacific  Ocean 
sites  and  for  three  Atlantic  Ocean/Europe 
sites.  Accumulative  probability 
distribution  models  of  Increasing 
complexity  are  reviewed.  Tests  of  fit  of 
thsse  distributions  are  presented  for 
select  samples  of  measured  man-made  noise 
data. 


1.  INTROOOCnON 

Increased  utilisation  of  electrical 
and  electronic  devices  for  man's  well  being 
and  security  has  also  increased  the  amount 
of  undesired  eleotromagnetio  energy  in 
telecommunication  systems.  This  man-made 
radio  frequency  interference  is 
characteristically  impulsive  in  form  and 
random  in  occurrence  and  originates  from 
such  common  sources  as  automobile  ignition 
systems,  high  voltage  transmission  lines, 
electrical  power  generating  stations,  and 
electrical  applloanees  and  machinery.  Kan- 
made  noise  predominates  over  noise  of 
natural  origln(l]  at  many  locations 
espscially  during  the  daytime. 

In  the  solution  of  telecommunication 
problems,  it  is  highly  desirable  to  be  able 
to  estimate  the  radio  noise  at  any 
location,  frequency,  or  time  of  day  caused 
by  these  different  sources.  One  approach 
to  solving  the  problem  has  been  the 
development  of  empirical  r.odels  of  man-made 
noise.  The  empirical  odels  available 
today  are  based  on  an  empirical  data  base 
acquired  by  the  Institute  tor 
Telecommunication  Sclanoas(lT8) (2).  Data 
exist  on  man-made  radio  noise  available 
power  levels  in  the  U.S.  and  on  the  time 
and  location  variabilities  of  those  levels 
for  specific  environmental  categories: 
rural, residential  and  business.  These 
models  have  been  adopted  by  the  CCIR  in 
Report  3SS-5[3].  These  levels  are 
presented  as  F.,  the  effective  noise 
figure,  in  dB()?ro)[3]  or  dBikTgbXi]; 
however,  these  are  essentially  equivalent 
units (4].  The  distribution  of  F|(  is  needed 
to  calculate  the  distribution  of 
SNR(definsd  as  the  ratio  of  average  signal 
power  to  average  noise  power)  and  hence  the 
probability  of  successful  communication  or 
the  loss  of  circuit  reliability  due  to 
interference. 

This  paper  presents  empirical  models 
of  man-made  noise  that  can  be  used  in  the 
solution  of  telecommunication  problems  for 
distributed  military  systems.  First,  the 
empirical  data  for  which  the  CCIR  models 
are  based  is  discussed.  Then  the  CCIR 


Report  258  models  are  described.  Four 
models  for  the  probability  distribution  of 
the  short-term (1  min.)  mean  values  of  man¬ 
made  radio  noise  available  power  levels  for 
the  specific  environmental  categories  are 
given (thsse  models  are  not  amplitude 
probability  distributions (APD) ) .  The 
extension  to  frequencies  above  250  HHz, 
based  on  data  measured  in  Canada,  is 
described [ 5-7 ) .  Results  of  recent 
measurements  of  man-made  noise  made  on  a 
circular  disposed  antenna  array (CDAA)  by 
the  Naval  Electronics  Engineering  Activity, 
Pacific  are  dlscussad[8] .  Results  of  these 
measurements  for  Guam  are  compared  to 
measurements  made  near  the  .CDAA  antenna  in 
Guam  during  1974  on  a  short  vertical 
rod[9]. 

2.  EMPIRICAL  DATA  BABB 

In  1974  the  Institute  for 
Telecommunication  Sciences (ITS)  reported 
the  use  of  a  measurement  system  with  a  rms 
detector  to  obtain  data  in  the  band  250  )cHz 
to  250  MHz  with  a  short  vertical  antenna 
near  ground  at  various  sites  in  the 
U.S. (2).  over  300  hours  of  data  were 
obtained  simultaneously  on  ten  frequencies 
over  a  period  from  1986  through  1971  in  six 
states (Colorado,  Maryland,  Texas,  Virginia, 
Washington  and  Wyoming)  and  in  the  District 
of  Coluumbla.  Data  were  obtained  for  three 
environmental  categories:  rural, 
residential,  and  business.  Data  were 
measured  in  31  rural  areas,  38  residential 
areas,  and  23  buslnass  areas.  At  each 
location  the  area  sampled  varied  from  a  few 
square  blocks  in  the  business  areas  to  few 
square  miles  in  the  rural  areas.  In  the 
noise  measurement  method  used,  10-sec 
samples  of  the  running  average(time 
constant  about  so  sec.)  of  F.  were 
recorded.  Thus,  360  samples  of  were 
obtained  each  hour  tor  a  given  measurement 
location  and  frequency.  These  results  were 
analysed  statistically  at  ITS.  The  least- 
suares  fit  for  Fur  median  value  of  F,, 
given  in  [2-3]  for  each  environmental 
category  is  reproduced  as  Figure  1  and  are 
given  here  as  Table  1  for  each  of  the 
frequencies.  The  slope  with  frequency  was 
found  to  be  -27.7  dB/decade  for  each 
environmental  category. 

These  man-made  noise  data  are  daytime 
values.  At  night  these  20-50  MHz  levels 
can  drop  5-10  dB  to  a  minimum  around  0400 
hours  local  time,  and  between  lOO  MHz  and 
250  MHz  they  can  drop  3-5  dB.  At  the  lower 
frequencies  in  the  HF  band,  the  night 
levels  are  frequently  controlled  by 
atmospheric  noise  from  lightning;  and  the 
man-made  levels  cannot  be  observed.  The 
diurnal  variation  decreases  for  the  MF  band 
and  is  again  only  3-5  dB  at  0.25  KHz,  with 
values  at  night  being  slightly  higher  than 
during  the  day. 

An  Indication  of  the  variation 
encountered  from  location  to  location 
within  each  environmental  category  is  given 
by  Spaulding  and  Disney[2].  An  example 
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distribution  of  local  median  values  of  nan- 
nade  noise  at  20  HHz  in  residential  areas 
is  given  as  Figure  2.  The  values  is  the 
standard  deviation  of  all  measured  medians 
for  all  frequencies  combined  about  the 
regression  line  of  Figure  l.  The  authors 
quote  values  of  7.00  dB,  5.00  dB,  and  6.45 
dB  for  business,  residential,  and  rural 
areas,  respectively.  A  better  estimate  of 
the  location  variability  of  Fam  for  these 
environmental  categories  for  a  specific 
measured  frequency  may  be  obtained  from  the 
standard  deviations  Sm,  given  in  Table  l. 

Once  the  best  estimate  of  the  location 
variability  has  bean  found,  the  variation 
of  F|^  at  that  location  with  time  should  be 
considered.  Figure  3  gives  the 
distribution  of  F,  values  obtained  on  20 
MHz  during  an  hour  (0839-0939  hours  local 
time)  in  a  residential  area  in  Boulder,  CO, 
The  median  and  the  upper  and  lower  deciles 
are  indicated.  The  tine  variability  for 
the  different  environmental  oategories  has 
been  estimated  by  ITS  for  each  of  ten 
measurement  frequencies  in  terns  of  the 
upper  and  lower  deciles,  Du  and  D]^(in  dB, 
relative  to  the  median  value) .  These 
values,  aunnarlzed  in  Table  i,  are  the 
root-mean-squares  of  all  the  location 
values  for  each  frequency  and  environmental 
category. 


Table  1.  Summary  of  selected  measured  noise 
parameters  for  buslnees,  residential  and 
rural  environmental  categories 


Environ-  Freq. 
mental 

fam 

Du 

“X 

•'NI, 

Category  (MHz) 

(dB(kTo)) 

(dB) 

(dB) 

(dB) 

Busl-  0.25 

93.5 

8.1 

6.1 

6.1 

ness  0.50 

85.1 

12.6 

8.0 

8.2 

1.00 

76.8 

9.8 

4.0 

2.3 

2.50 

65.8 

11.9 

9.5 

9.1 

5.00 

57.4 

11,0 

6.2 

6.1 

10.00 

49.1 

10.9 

4.2 

4.2 

20.00 

40.8 

10.5 

7.6 

4.9 

48.00 

30,2 

13.1 

8.1 

7.1 

102.00 

21.2 

11.9 

5.7 

8.8 

250.00 

10.4 

6.7 

3.2 

3.8 

Reel-  0.25 

89.2 

9,3 

5.0 

3,5 

dentlul  0.50 

80.8 

12.3 

4.9 

4.3 

1.00 

72.5 

10.0 

4.4 

2.5 

2.50 

61.5 

10.1 

6.2 

8.1 

5.00 

53.1 

10.0 

5.7 

5.5 

10.00 

44.8 

8.4 

5.0 

2.9 

20.00 

36.5 

10.6 

6.5 

4.7 

48.00 

25.9 

12.3 

7.1 

4.0 

102.00 

16.9 

12.5 

4.8 

2.7 

250.00 

6.1 

6.9 

1.8 

2.9 

Rural  0.25 

83.9 

10.6 

2.8 

3.9 

0.50 

75.5 

12.5 

4.0 

4.4 

1.00 

67.2 

9.2 

6.6 

7.1 

2.50 

56.2 

10.1 

5.1 

8.0 

5.00 

47.8 

5.9 

7.5 

7.7 

10.00 

39.5 

9.0 

4.0 

4.0 

20.00 

31.2 

7.8 

5.5 

4.5 

48.00 

20.6 

5.3 

1.8 

3.2 

102.00 

11.6 

10.5 

3.1 

3.8 

250.00 

0.8 

3.5 

0.8 

2.3 

3.  CCIK  WBPOta  258  N0DEI£ 

The  environmental  categories  for  which 
predictions  are  available  in  CCIR  Report 
258-5  include;  business,  residential, 
rural,  and  quiet  rural (3).  Business  areas 
are  defined  as  any  area  where  the 


predominant  usage  throughout  the  area  is 
for  any  type  of  business (e.g.  stores  and 
offices,  industrial  parks,  large  shopping 
centers,  main  streets  or  highways  lined 
with  various  business  enterprises,  etc.). 
Residential  areas (urban  or  suburban)  are 
defined  as  any  area  used  predominately  for 
single  or  multiple  family  dwellings  with  a 
density  of  at  least  two  single  family  units 
per  acre  and  no  large  or  busy  highways. 
Rural  areas  are  defined  as  locations  where 
land  usage  is  primarily  for  agricultural  or 
similar  pursuits,  and  dwellings  are  no  more 
than  one  every  five  acres.  Oulet  rural 
areas  are  defined  as  locations  chosen  to 
ensure  a  mlnimim  of  man-made  noise. 

In  all  cases  results  are  consistent 
with  a  linear  variation  of  the  median  value 
of  F|i,  with  frequency  of  the  form: 

I'am  “  ®  109  t,  (1) 


where  f  is  the  fraqptancy  expressed  in  HHz. 
The  constants  c  and  d  are  given  in  Table  2. 
As  these  results  are  based  on  the  work  of 
Spaulding  and  Dlsney[2],  equation  (1)  is 
valid  only  in  the  range  0.25  to  250  MHz  for 
all  the  environmental  categories  except 
quiet  rural  and  galactic  noise.  The 
formula  for  galactic  noise  from  radio  stars 
which  is  incident  on  the  ionosphere  is 
Included  here  for  comparison  only.  Note 
that  Table  2  also  contains  data  from 
Spaulding  and  Disney  for  parks  and 
university  campuses  and  for  inter-state 
highways. 


Table  2.  Values  of  the  Man-made  Noise 
Constants  c  and  d[3] 


Environmental  category  c 

d 

Business 

76.8 

27.7 

Inter-state  highways 

73.0 

27.7 

Residential 

72.5 

27.7 

Parks  and  university 

campuses 

69.3 

27.7 

Rural 

67.2 

27.7 

Quiet  rural 

53.6 

28.6 

Galactic  noise 

52.0 

23,0 

Skomal  has  reviewed  man-made  noise 
data  collected  in  a  range  of  countries  at 
various  distances  from  metropolitan 
araas[lO-ll] .  Results  cover  ths  frequency 
range  500  kHz  to  1  GHz.  In  the  frequency 
interval  100  to  800  HHz,  he  showed  that  the 
frequency  decrement  moderates  from  that 
given  in  Table  1  to  -10  to  -IS  dB/decada. 
This  is  conr latent  with  the  presence  of  a 
localized  maximum  in  the  UHF-band  amission 
spectrum  of  vehicular  ignition 
Interference. 

At  four  sites  in  downtown  Ottawa, 
Canada,  measurements  of  the  VHF-UHF  radio 
environment  ware  carried  out  over  a  17-day 
period  in  November  1976(5).  A  linear 
regression  equation  of  the  frequencies  200 
to  500  HHz  was  given  as  F^,  -  -15.8  log  f  + 
48.4(f  in  MHz).  In  the  frequency  range 
from  200  to  300  MHz,  the  results  using  this 
equation  compare  favorably  with  those  using 
the  business  area  equation  of  (2). 

Man-made  noise  level  measurements  were 
mads  of  the  UHF  radio  environment  over  a 
four-month  perlod(l982-i983)  in  and  around 
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Ottawa,  Canada  by  Lauber  and  Bettrand[6]. 
Ths  antenna  noise  temperature  was 
measured  at  sites  typical  of  business, 
residential,  and  rural  areas  at  frequencies 
from  600  to  950  MHz.  For  each  of  these 
areas,  a  mininun  of  1800  one-second 
measurements  were  combined  to  form  a 
cumulative  probability  distribution,  which 
shows  the  time  and  location  variability  of 
the  noise.  The  highly  skewed  shape  of  the 
distribution,  especially  those  from  the 
business  areas,  showed  that  the  UHF  radio 
environment  is  composed  of  a  background 
noise  level  upon  which  is  superimposed  a 
highly  variable  man-made  noise  level  from 
vehicle  ignition  noise. 

4.  MOISK  LKVKL  DISTRIBnTIOir  NODKLS 


freedom.  The  chi-square  model  satisfies 
the  relationship  F,  >  a  -i-  b  The  mean 

noise  is  <F|i>  >  ^ax^  ■*  a  -t-  b  !>,  and  its 
standard  deviation  is  „  |j(2  »)  H,  The 
parameters  a,b,i>,Fa^^,  and  are  given 

in  Table  III  of  CCIR  Report  258-5[3}  for 
the  ten  discrete  frequencies  between  0.25 
and  250  MHz.  These  parameters  were  found 
using  a  method  developed  by  Zacharlsen  and 
Crow [13]. 

A  second  Gaussian  modal  using 
parameters  can  be  estimated  from  the  chi- 
square  approximations.  For  this  model  the 
mean  is  given  by  F.y^  and  the  standard 
deviation  <fnx^’  * 


Hagn  and  Sailors [12]  have  presented 
four  statistical  models  of  increasing 
complexity (simple  Gaussian,  composite 
Gaussian,  chl-suare,  Gaussian  from  chi- 
square)  which  utilize  the  tine  and  location 
variability  of  F,  to  predict  the 
accumulative  probabilities  of  man-made 
radio  noise  available  power  levels  for 
short,  vertically-polarized  antennas 
located  near  the  ground.  These  models, 
which  have  now  been  included  in  CCIR  Report 
258,  are  useful  in  predicting  the 
probability  that  the  short-term  slgnal-to- 
nolse  ratio  for  a  given  communication 
system  equals  or  exceeds  a  value  required 
for  successful  communication. 

For  the  simple  Gaussian  modjil,  the 
naan  is  approximated  by  F,g  from  wble  1, 
and  the  standard  deviation  vu  is  given  by 

<'N  "  (<7 ML*  +  ffNT*  )  **  (2) 


assuming  that  the  temporal  and  spatial 
variabilities  are  uncorrelated.  The 
parameter  skt  is  the  standard  deviation  of 
the  temporal  variability  and  values  are 
obtained  from  Dy  and  of  Table  1  using 


1  r<°u*  +  Dl*)^  1 
1:28  r  2"  J 


‘'NT 


+  Di2)*S 


(3) 


The  location  variability  vur  is  given  in 
Table  1. 


The  composite  Gaussian  model  is  the 
simplest  model  v.  sh  takes  into  account 
skewness  in  the  distribution.  For  this 
model  ths  standard  deviations  for  the  upper 
and  lower  halves  of  the  distribution  are 
given  by  and  omj  respectively,  and  the 
mean  is  given  by  The  corresponding 

upper  and  lower  deciles  for  those 
distributions  are  obtained  from  and 
“Ml,  Tespectivoly,  using  the  equation: 

“  1.28  (4) 

Ohi  ”  3’28  oui  (5) 

The  standard  deviations  themselves  are 
computed 


“Nl  “  [  (r.Ts'j**  •'ML*]  <’> 


The  chl-suare  model  also  takes  into 
account  skewness.  In  the  chi-square  model 
the  parameter  y  is  the  number  of  degrees  of 


Figure  4  shows  ths  predictions  for  20 
MHz  in  a  residential  environment.  All  four 
models  predict  very  similar  values  between 
the  deciles.  In  the  tails  of  the 
distribution (beyound  the  deciles),  the 
simple  Gaussian  model  predicts  the  lowest 
levels;  and  the  chi-square  modal  predicts 
ths  highest  levels. 

Hagn  and  Sailors[12]  also  mads  a 
preliminary  comparison  of  the  models  with 
maasurad  data.  Figure  5  is  a  plot  of  the 
nodal  predictions  of  Figure  4  superimposed 
on  the  data  of  Figure  3.  Since  there  was 
no  location  variability  data  for  this 
sample,  was  set  to  zero  for  tns 
comparison.  By  inspection,  the  best  fit 
over  the  interval  1%  to  80%  is  given  by  the 
Gaussian  modal  with  parameters  estimated 
from  the  ohl-square.  The  simple  Gaussian 
model  predictions  are  consistently  to»  low; 
and,  in  the  more  interesting  upper  half  of 
the  distribution,  the  ohl-square  model 
predictions  are  good  over  the  interval  10% 
to  80%  but  too  high  for  the  upper  tall  of 
the  dletrlbutlon.  The  shape  of  the 
measured  distribution  in  the  lower  tail  is 
most  closely  approximated  by  the  chi- 
square. 

Hagn  and  Sailors  applied  a  Xolmogorov- 
Smlrnov(K-8)  goodness-of-flt  test[i4-ie]  to 
examine  more  rigorously  how  well 
distributions  of  sample  man-made  noise  data 
conform  to  the  hypothesized  dietributions. 
The  results  for  data  and  model  predictions 
of  Figure  5  show  that  the  chi-square  modal 
is  accepted  for  a  significance  level  of  5% 
for  values  of  probability  of  exceeding  the 
ordinate  up  to  90  percent,  whereas,  the 
simple  Gaussian  model  does  not  fit  well 
throughout  the  entire  distribution.  The 
X-8  test  was  also  applied  to  20  MHz  data 
obtained  tor  31  minutes  in  a  Boulder,  CO, 
business  area.  This  particular 
distribution  sample  was  the  only  one 
available  which  was  not  used  to  develop  the 
model.  The  distribution  was  slightly 
skewed  as  can  be  seen  in  Figure  C.  As  the 
mean  for  this  sample  was  49.7  dB(kTp) 
compared  to  40.8  dB(kTo)  from  Table  1; 
clearly,  all  the  model  predictions  would  be 
too  low.  In  this  case  the  authors  set 
0  and  adjusted  the  median  of  the  simple 
Gaussian  model  to  49.2  dBCkTp)  for  the 
comparison.  For  a  significance  level  5%, 
the  Gaussian  model  with  parameters 
estimated  using  the  chi-square  was 
overwhelmingly  rejected.  At  this 
significance  level,  it  was  found  that  it 
would  be  incorrect  to  reject  the  simple 
Gaussian,  composite  Gaussian,  ar '  chi- 
square  models.  The  final  conclusion  were 
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that  the  models  were  most  useful  in  the 
probability  interval  0.1  to  0.9,  but 
further  checks  against  neasured  data  are 
needed  to  determine  the  limits  of  their 
applicability. 

5.  OiaKR  EMPIRICAL  MODELS 

There  are  other  useful  empirical 
models  that  either  supplement  the  CCIR 
Report  258  models  or  in  one  case  replace 
it.  This  Includes:  (l)  A  model  developed 
for  use  at  frequencies  in  the  VHP  and  UHP 
bands;  (2)A  model  known  as  the  quasi- 
minimum  atmospheric  noise  model;  and  (3)An 
airboime  man-made  radio  noise  model. 

The  first  of  these  is  a  model  that  was 
developed  for  use  at  VHP  and  UHP  by  Hagn  et 
al.C?].  Por  fraquenclas  between  1  KHz  and 
200  MHz,  the  model  given  in  CCIR  Report 
258-8  is  used.  However,  at  frequencies 
above  200  MHz,  the  following  equations  for 
^am  in  dB(kTg)  are  used: 

'am  »  49.4  -  15.8  log  f  (8) 

P,B  -  45.2  -  15.8  log  f  (9) 

P„  -  39.2  -  15.8  log  f  (10) 

for  business,  residential,  and  rural 

environments,  respectively,  where  the 
frequency  f  is  in  MHz.  At  200  MHz,  this 
model  and  CCIR  Report  258-5  produce 
identical  results.  Equation  (8)  differs 
only  1  dB  from  that  of  Lauber  and 
Bertrand[S]  at  200  MHz  for  business  areas. 
The  slope  of  these  curves  is  identical  to 
that  of  Lauber  and  Bertrand  at  these  higher 
trequenoles.  The  above  equations  extend 
the  noise  models  upward  in  frequency  until 
the  man-made  and/or  galactic  noise  drops 
into  the  internal  noise  of  the  receiving 
system.  Lauber  and  Bartrand(6]  have 
compared  this  model  along  with  one  due  to 
Skomal[il].  The  results  are  presented  in 
Figure  7.  The  Hagn  et  a 1.(7)  results  are 
within_+3  dB  with  the  exception  of  the 
higher  frequencies  for  the  rural  areas. 

The  Hagn  et  al.  model  also  provides 
approximations  for  the  standard  deviations 
for  the  simple  Gaussian  model  of  Hagn  and 
Sailors (12).  Por  fraquancles  between  1  MHz 
and  100  MHz,  these  standard  deviations  are 
given  as  10.5,  8.5,  «.5,  4.5,  and  1  dB  for 
business,  residential,  rural,  quiet  rural, 
and  galactic  environments,  respectively. 
For  frequencies  above  lOO  MHz,  the  values 
are  based  on  the  more  limited  data  of 
Lauber  and  Bertrand (5).  The  standard 
deviation  0||,  in  dB,  is  given  by: 

<r„  -  10.5  -  9  log(^l^),  or  2  dB  (11) 

ffi,  -  8.5-9  log(~g),  or  2  dB  (12) 

-  6.5-9  log(jlQ),  or  2  dB,  (13) 

respectively,  for  J9usiness,  residential, 
and  rural  man-made  noise  environments. 
These  equations  are  useful  for  sn  i  0  dB. 
The  standard  deviation  aji  is  not  allowed  to 
go  negative  at  higher  frequencies  but 
merely  drops  to  2  dB  and  stays  constant  for 
higher  frequencies  until  P„  decreases  to  0 
dB(kTo) .  “ 


is  one  known  as  the  quasi-minimum 
atmospheric  noise  model (17).  It  is  baaed 
on  a  comprehensive  examination  of  expected 
noise  at  many  locations  and  for  all  seasons 
using  data  from  the  National  Bureau  of 
Standards  noise  measurement  program,  and 
shipboard  measurements  made  at  sea  in  the 
San  Diego, CA  area.  Table  3  is  a  list  of 
the  values  for  this  model.  A  fit  to  these 
data  is  given  by 

Fan  ”  ■  *’’5  *  (14) 

where  f  is  in  MHz.  Equation  (14)  is  also 
given  in  Table  3.  Note  that  the  median 
rural  noise  equation  is  nearly  equal  to  the 
quasi-minimum  atmospheric  noise  equation. 
Results  for  rural  noise  equation  are  also 
presented  in  Table  3. 


Measurements  indicate  that  airborne 
man-made  radio  noise  from  a  distant 
metropolitan  area  can  be  detected  once  an 
aircraft  rises  above  the  local  optical 
horizon.  Above  10,000  feet  measurements 
show  a  broad  noise  signature  representative 
of  an  entire  metropolitan  area.  Roy  has 
reported  an  airborne  man-made  radio  noise 
model  developed  to  evaluate  the  effect  of 
man-made  radio  noise  on  the  operation  of 


Table  3.  Quasi-minlnum  atmoppherlc  noise 
levels  in  dB  above  kT^ 


Frequency 

Level 

Equ.  (14) 

Equ.  (1) 

(MHz) 

Chase  6 

Tlrrell(17j 

(Quasl- 

Mlnlmum} 

(Rural) 

2 

52 

51.72 

58.86 

4 

44 

43.44 

50.52 

6 

39 

38.60 

45.65 

8 

36 

35.17 

42.18 

10 

36 

32.50 

39.50 

12 

31 

30.32 

37.31 

15 

21 

27.66 

34.62 

20 

25 

24.22 

31.16 

25 

22 

21.56 

38.48 

30 

20 

19.38 

26.28 

meteor  burst  communication  systems (18-19; 

Equations  developed  by  Skoaal(ll]  were  used 
to  construct  the  model.  Two  parametric 
equations  were  used  to  model  the  height 
gain  of  man-made  radio  noise  as  a  function 
of  distance,  0  to  150  miles,  from  the 
source.  Coefficients  for  these  equations 
ware  calculated  from  data  measured  over 
Soattle(20].  Roy  used  two  hundred  of  the 
nation's  largest  cities  and  62  of  the 
largest  counties  and  military  installations 
as  sources  of  radio  noise.  Day  and 
nighttime  contours  were  produced  in  the  25 
to  75  MHz  range  for  altitudes  between  30 
and  70  thousand  feet.  These  maps  show  that 
very  little  of  the  continental  United 
States  is  free  of  airborne  man-made  noise. 
Minimum  noise  levels  are  found  during  the 
night  at  low  altitudes  for  distances 
greater  than  100  miles  from  most 
metropolitan  areas.  As  an  example  Figure  8 
shows  daytime  45  MHz  contours  for  an 
altitude  of  5  thousand  feet.  Contours  of 
constant  radio  noise  power  in  dB  above  kTb 
are  plotted  for  values  of  15,20,  and  25  dB. 
Shaded  areas  in  the  continental  United 
States  represent  areas  containing  noise 
power  3  dB  or  less  above  galactic  noise. 


Another  noise  model  often  used  as  a 
man-made  noise  model  in  some  applications 
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6.  KBCOrr  KBftSDKEHDITS 

When  one  uses  the  Models  of  CCIR 
Report  258,  It.  is  necessary  to  decide  which 
environ»ental  category  a  receive  site 
belongs.  This  author  had  an  opportunity  to 
determine  the  environmental  categories  for 
the  receive  sites  of  an  HF  communication 
system.  For  this  purpose  he  acquired  man¬ 
made  noise  data  measured  on  COAA  antennas 
at  the  receive  sites  of  the  communication 
stations  at  Adak.AIi;  Diego  Garcia;  Guam; 
Honolulu, HI;  San  Diego,  CA;  and 
Stockton, CA. 

These  measurements  were  made  by  the 
Naval  Electronics  Engineering  Activity, 
Pacific (NEEAP)  on  the  Automated  AN/FRM- 
19 (V)  Test  System.  This  system  includes  an 
Automated  Noise  Measurement  System (ANHS) . 
The  ANNS  allows  the  site  to  measure  its 
basellne/strong  signal  level  on  a  periodic 
basis.  The  ANKS  acquires  data  every  two 
hours  at  seven  frequanclas  over  a  seven  day 
period.  This  data  is  than  averaged  over 
this  period,  and  a  baseline  noise/strong 
signal  level  la  found.  The  ANNS  acquires 
data  data  from  a  0.5  KHt  window  centered  on 
the  seven  f r equ enc 1 e a ( u a u a  1 1 y 
2.5,5.0,7.5,10.0,12.5,20.0,30.0  MHc) .  The 
ANNS  searches  for  the  lowest  power  level  or 
"hole*  in  this  0.5  MHz  window.  This  0.5 
MHz  window  at  a  frequency  of  Interest  is 
divided  into  83  channels  of  3.6  kHz.  The 
ANHS  then  samples  the  noise  waveform  in 
each  channel  by  taking  50  consecutive 
points.  By  taking  50  samples,  a  window  is 
set  up  in  the  time  domain  that  will  capture 
time  related  RFI  noise,  such  as  power line 
noise.  After  the  ANNS  scans  the  0.5  NHs 
window,  it  returns  to  the  "hole"  to  measure 
the  system  noise  level.  The  average 
power (true  rms  voltage)  and  (voltage 
deviation)  are  than  calculated  from  the 
digitized  waveform.  After  the  ANNS  has 
collected  the  noise  data  for  seven  days,  an 
operator  can  then  proceed  to  plot  out  the 
data  using  different  plotting  nodules  to 
analyse  the  noise  environment. 

Baseline  noise  data  was  provided  by 
NEEAP  for  the  forenamed  communications 
sites  measured  by  the  ANNS  for  the  local 
noon  period.  Local  neon  was  chosen  as  the 
most  likely  time  of  day  that  man-made  noise 
would  most  likely  be  present.  The  data  for 
Guam,  measured  from  September  17,  1987 
through  September  24,  1987,  was  examined 
first  because  that  was  the  only  site  for 
which  there  was  other  measured  results 
available  for  comparison(9] .  Figure  9 
shows  this  data  measured  by  the  Stanford 
Research  instltute(SRI)  along  with  the  data 
measured  by  NEEAP  on  a  CDAA  antenna.  The 
SRI  data  was  measured  on  a  short  vertical 
rod.  fjx  comparison  purposes  both  quiet 
rural  und  galactic  noise  are  included. 
Clearly  there  is  a  large  difference  between 
these  two  measurements  part  of  which  is  due 
to  the  measurements  by  NEEAP  on  a  CDAA  type 
antenna  rather  than  the  standard  short 
vertical  rod. 

George  Hagn  of  SRI  International 
provided  this  author  with  some  conversion 
factors  which  he  obtained  while  making 
noise  measurements  in  lceland(3ll.  Nr  Hagn 
made  noise  measurements  at  the  edge  of  the 
ground  screen  of  the  COAA  antenna  with  a 
calibrated  nine  foot  vertical  rod  and  then 
made  noise  measurements  through  the  CDAA 
antenna  to  compare  to  the  other 


measurements.  He  developed  a  rough  set  of 
corrections  that  could  be  applied  to  noise 
measurements  made  on  the  omni-beam  output 
of  the  CDAA  antenna.  These  are  given  in 
Table  4.  The  way  they  are  used  is  that 
first  the  noise  measurements  in  dBm  are 
converted  to  dB  above  i  micro-volt  by 
adding  107 (-107  dBm-0  micro-volts  across  a 
50  ohm  resistance) .  Then  the  antenna 
correction  factor  is  added.  Finally,  the 
noise  field  strength  is  converted  to  F,  by 
using  the  relationship  between  F,  and  noise 
field  strength  found  in  CCIR  Report  322- 
3(1)  taking  into  account  the  receiver 
bandwidth,  which  in  this  case  was  3.6  kHz. 

Table  4.  CDAA  to  9  Foot  Rod  Conversion 
Factors 

Frequency  Antenna  Factor 

(MHz)  dB/l  Meter 

2.0  -  2.5  -3,±  6  dB 

2.5  -  8.0  -23, t  8  dB 

8.0  -13.0  -15, ±  8  dB 

13.0-30.0  -14, ±  8  dB 

Figure  10  shows  the  results  of  appllng 
these  antenna  factors  to  the  NEEAP 
measurements.  The  curve  narked  Guam-NEEAP 
is  the  reeult  of  appling  the  antenna  factor 
disregarding  the  error  term.  The  curve 
narked  Guam-NEEAP  Adjusted  haa  had  the 
upper  limit  of  the  error  term  added  to  the 
antenna  factor  for  5,  20  and  30  MHz. 
Although  the  Guam-NEEAP  curve  is  an 
improvement  over  that  show  in  Figure  9  for 
this  case,  the  Guam-NEEAP  Adjusted  is  an 
even  better  improvement.  Based  on  this 
comparison,  the  measured  noise  at  the  other 
five  sites  was  adjusted  using  Table  4;  for 
5,7.5,  20,  and  30  NHz,  the  upper  error,  8 
dB,  was  added  to  the  antenna  factor. 
Figure  11  shows  the  results  of  the  NEEAP 
msasurements  with  these  antenna  factors 
applied.  Curves  for  rural  end  quiet  rural 
and  galactic  noise  are  show  for  comparison. 

In  addition  to  providing  man-mads 
noise  measurement  data  for  Guam,  Shepard  et 
al.(9J  also  show  the  results  of 
measurements  made  at  Keflavlk,  Iceland; 
Rota,  Spain;  and  Bremarhaven,  Germany. 
These  results  are  repeated  here  as  Figure 
12. 

7.  DISCUSSION 

Engineers  and  operational  analysts  who 
use  these  CCIR  man-made  models  are  faced 
with  the  problem  of  determining  whether  any 
environment  is  most  like  a  U.S.  business 
area,  a  U.S.  residential  area,  or  a  U.S. 
rural  area  over  a  decade  ago.  The  only 
other  alternative  is  to  assume  the 
environment  is  similar  to  a  quiet  rural 
area  near  one  of  the  quiet  stations  where 
the  atmospheric  noise  data  were  gathered 
over  three  decades  ago.  Hagn  has  provided 
additional  insight  into  this  problea[22]. 


One  problem  already  encountered  in 
this  paper  is  the  effect  of  the  receive 
site  antenna  on  the  measured  or  estimated 
noise  values.  In  fact  in  the  case 
encountered  here  additional  data  is  needed 
comparing  CDAA  antenna  and  short  vertical 
rod  noise  msasurements.  Hagn  and 
Shephard [23]  have  provided  some  insights 
into  this  problem  of  the  effect  of 
different  antennas  on  noise  estimation  and 
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neasurement;  however,  the  problen  is  not 
solved. 


In  the  discussion  of  the  sisple 
Gaussian  vodel,  it  was  assumed  that  the 
median  value  of  man-made  noise  Fan  was  an 
efficient  estimator  of  the  mean. 
SallorsC24]  has  reviewed  techniques  for 
estimating  the  mean  and  standard  deviation 
of  a  parameter  from  its  quantiles.  Results 
using  these  techniques  were  compared  to 
that  obtained  from  estimating  the  sampl.e 
means  and  standard  deviations  from  data 
samples  of  man-made  noise.  For  man-made 
noise  modeling,  it  was  determined  that  the 
mean  could  be  estimated  to  an  accuracy  of 
0.1  dB  using  the  expression  F,.  t  0.237(0u 
-  D]^) .  In'  the  example  given  in  Fixtures  4 
and  5,  the  median  noise  was  36.46  dB.  The 
value  of  the  mean  using  this  expression  is 
37.43  dB.  This  compares  to  37.5  dB  given 
by  the  simple  Gaussian  obtained  from  the 
chi-square. 
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FREOUENCY  —  MHz 


Figure  i.  Estimates  of  median  valuss  of  man¬ 
made,  atmospheric,  and  galactic  noise  expected 
near  Hshlngton,  D.c.  during  summer [1-2]. 


Figure  2.  Distribution  of  location  median  of  F^ 
values  for  man-made  noise  in  residential  areas 
at  20  MHz[2]. 
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Flgura  3.  Exanpl*  dlatrlbutlon  of  F,  at  ona 
location  during  ona  hour  ulth  short-tarn  nadlan 
and  dacilaa  lndlcatad{3] . 


Flgura  4.  Conparlaon  of  nodal  pradlctlons  for  20 
KHz  In  a  raaldantlal  area [12]. 
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Figure  S.  Exanpl*  conparlaon  of  modala  and 
data (12]. 


Figure  6.  Conparison  of  nodels  and  data: 
business [12]. 
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Figure  8.  Daytime  45  MHz  airborne  man-made  radio 
noise  map  of  the  continental  United  States 
for  an  altitude  of  5  thousand  feet[ 18-19].  Shaded 
areas  represent  noise  power  3  dB  or  less  above 
galactic  noise. 
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Flgura  9,  Conparison  of  aan-aada  nolaa 
naaaurananta  at  Guas  aada  by  Stanford  Raaaarch 
Inatltuta(SRl)  on  a  abort  vartlcal  rod  with 
data  aaaaurad  by  tha  Naval  Blactronlca 
Englnaarlng  Activity,  Paolf lc(EEAP)  on  a  CDAA 
antanna . 
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Figure  10.  Coaparlson  of  aan-aade  noise 
aeasureaents  at  Guaa  Bade  by  Stanford  Research 
Institute (SRI)  with  data  aeasured  by  the  Naval 
Electronics  Activity,  Pacific (NEEAP) . 
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Flgur*  11.  Man-nad*  noisa  anvlroraiant  at  altaa  in 
tha  Pacific  Ocaan. 
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Figura  12.  A  cospariaon  of  at  quiet 

locatlona(9}. 
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DISCUSSION 


John  S.  BELROSE 

I  wonder  what  sort  of  "ground-plane"  was  used  with  the  9-foot  rod  that  you 
used  to  make  the  radio  noise  measurements  ?  Stimulated  by  a  CCIR  interest 
to  measure  HF  field  strenghts  imploying  a  short  vertical  whip,  we  (at  the 
Communications  Research  Centre,  Ottawa)  have  made  a  study  (which  is  still 
ongoing)  to  determine  how  the  antenna  factor  depends  on  ground 
conductivity  and  on  the  type  of  "grounding".  We  have  made  measurements 
using  a  short  active  whip  fed  against  a  support  rod.  The  support  rod  was  :  1) 
grounded  by  a  ground  stake  ;  2)  fed  against  a  radial  ground  screen,  having 
radials  of  various  numbers  and  lengths,  and  elevated  at  different  heights  ;  3) 
isolated  from  ground  (a  dipole) ;  and  4)  employing  an  Uffer  ground,  a  ground 
rod  enclosed  in  concrete.  The  concrete  remains  damp  and  provides  a  more 
stable  ground,  than  a  ground  rod.  The  antenna  factor  depends  on  all  of  the 
above  parameters. 

AUTHOR’S  REPLY 

One  attempts  to  have  a  short  antenna  over  perfect  ground.  In  the  case  of  the 
9  foot  vertical  rod  referred  to  in  the  paper,  Shephard  et  al.  [9]  used  a  nine 
foot  rod  on  a  2-ft  diameter  aluminum  base  ;  this  itself  was  then  mounted  on 
top  of  a  van.  SRI  made  a  considerable  effort  to  verify  that  the  antenna  was  in 
fact  a  short  antenna  over  perfect  ground. 

ADDED  COMMENT  -  George  H.  HAGN 

The  9-ft  rod  on  with  a  2-ft  aluminum  base  mounted  on  a  vehicle  roof  was 
calibrated  for  2  vehicles  in  1972  in  Iceland.  The  groundwave  antenna  factor 
was  measured  to  be  -2,8dB(m“’)  for  a  small  van  and  -  l,6dB(itl’)  for  a  small 
Volkswagen  for  the  entire  HF  band.  One  should  always  calibrate  the  antenna 
as  used,  wherever  possible  to  reduce  this  source  of  error  ? 
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R.M.  HARRIS,  UK 

You  mentioned  a  report  which  studied  man-made  noise  at  altitude.  Do  you 
know  if  they  measured  conventional  atmospheric  noise  as  a  function  of 
altitude  ?  I  do  not  know  of  any  such  work  having  seen  reported,  do  you  know 
of  any  ? 

AUTHOR’S  REPLY 

In  the  frequency  range  from  25  to  70MHz,  covered  in  the  work  of  Roy  [18- 
19],  atmospheric  noise  is  not  as  important  a  source  as  is  galactic  noise  and 
man-made  noise.  John  Herman  may  have  reported  some  studies  of 
atmospheric  noise  at  satelite  heights  and  a  person  who  I  think  is  named  Art 
Mille  of  Convair  Corporation  may  have  reported  the  measurement  of  noise 
measured  by  an  airplane  as  it  approached  Akron,  Ohio.  In  the  latter  study  the 
noise  measurements  were  peak  noise  rather  than  r.m.s.  noise. 

ADDED  COMMENT  •  George  H.  HAGN 

Atmospheric  noise  from  lightning  in  the  frequency  range  25-70MHz 
propagates  primarily  by  line-of-sight  (LOS)  from  active  storm  cells.  Its 
variation  with  altitude  should  be  small  once  the  LOS  geometry  is  achieved. 

E.  ANAGNOSTAKIS 

Mr  Sailors,  could  you,  please,  elaborate  a  little  more  on  the  choice  of  the 
number  of  degrees  of  freedom  in  the  case  in  which  you  employ  the  chi-square 
technique  for  determining  the  gaussian  parameters  of  your  interpretation  ? 

AUTHOR’S  REPLY 

In  the  case  in  which  the  chi-square  technique  is  employed  to  obtain  the 
Gaussian  parameters,  the  degrees  of  freedom  are  determined  exactly  as 
would  be  used  to  find  the  degrees  of  freedom  for  the  chi-square  model. 
Reference  (13)  given  in  the  paper  gives  further  details  on  how  to  obtain  the 
degrees  of  freedom  for  the  chi-square  given  the  median  and  upper  and  lower 
decile.  An  algorithm  to  do  this  is  contained  in  the  HFMUFES  IV  HF 
predict'  r  '•rogram. 
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SRI  International 
1611  North  Kent  street 
Arlington,  VA  22209 


ABSTRACT 

Information  on  other-user  interference  (sometimes  called  co-channel 
interference)  is  important  in  predicting  the  performance  of  HF  systems. 
For  many  systems,  especially  frequency-hopping  communications  systems, 
other-user  Interference  can  be  a  greater  problem  than  man-made  noise 
from  incidental  radiators  (e.g.,  powerlines)  or  atmospheric  noise  from 
lightning.  We  currently  have  a  sat  of  local  environment  models  for 
man-made  noise  (CCIR  Report  258)  for  business,  residential,  rural  and 
quiet  rural  areas  and  a  worldwide  model  for  atmospheric  noj^e  from 
lightning  (CCIR  Report  322) .  However,  there  are  no  worldwide  or  regional 
models  for  HF  other-user  Interference.  This  paper  will  describe  a  method 
for  development  of  a  regional  model  for  HF  other-user  interference  in 
terms  of  congestion  for  allocated  bands  (e.g.,  fixed,  mobile,  amateur, 
etc.).  Congestion  is  defined  as  the  fraction  of  the  channels  in  an 
allocated  band  of  contiguous  channels  with  detected  energy  exceeding  a 
specified  threshold.  A  global  congestion  model  might  eventually  be 
achieved  as  a  combination  of  regional  models. 

Occupancy  of  individual  channels  and  congestion  of  allocated  HF  bands 
vary  with  type  of  service,  frequency,  time  of  day,  season,  angle  of 
arrival,  type  of  receiving  antenna,  receiver  bandwidth,  threshold, 
geographic  location  and  sunspot  number.  Researchers  at  UMIST, 

Manchester,  UK,  have  noted  the  large  variability  of  the  occupancy  of 
individual  1-XHz  channels;  however,  by  aggregating  contiguous  1-kHz 
measurements  across  Individual  allocated  bands,  they  have  also  noted  the 
stability  of  the  statistics  of  HF  binds  and  congestion  for  a  given  time 
of  day  and  season  (e.g.,  winter,  noon).  UMIST  also  has  successfully 
modeled  band  congestion  at  one  location  (Gott,  et  al.,  AGARD-CP-420, 
Lisbon,  1987) .  A  method  of  extrapolating  the  empirically-based  UMIST 
statistical  model  of  band  congestion  from  a  point  (e.g.,  one  receive 
site  in  the  UK)  to  a  region  (e.g.,  Europe)  will  be  described.  The  model 
coefficients  would  be  derived  from  measurements  at  locations  in  NATO 
countries  separated  by  about  500  km  (or  a  distance  determined  by  a 
correlation  test) .  The  coefficients  for  the  regional  model  for  a  given 
arbitrarily  chosen  location,  would  be  derived  by  interpolation.  The  ap¬ 
plicability  of  the  regional  modeling  approach  to  the  'development  of  a 
global  model  for  HF  band  and  congestion  (analogous  to  the  CCIR  Report 
322  worldwide  model  for  atmospheric  noise  from  lightning)  will  be 
discussed. 
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DISCUSSION 


ICA  FUERXER 

Why  we  do  not  define  a  mode!  based  on  the  description  of  a  transmitter,  the 
propagation  and  the  activi^  to  Hnd  the  head  lines  of  the  problem  to  solve.  It 
could  be  the  opportunity  to  spedfy  the  measuring  system  specifications  and 
the  way  to  validate  the  model  in  Europe. 

AUTHOR’S  REPLY 

I  believe  that  a  propagation  model  can  be  used  to  gain  insights  by  running  it 
for  known  transmitter  locations  and  characteristics.  I  do  not  think  that  the 
International  Telecommunication  Union  has  an  accurate  or  complete  enough 
data  base  of  HF  assignments  and  equipments  to  generate  the  basic  model. 
An  empirical  data  base  is  needed  to  define  the  model  that  is  the  subject  of 
this  paper. 

C.  GOUTELARD.I-R 

II  s’agit  d’un  commentaire  qui  s’inscrit  dans  la  discussion  prdsente.  Tout 
d’abord  il  me  setnble  que  les  provisions  des  interfOrences  doivent  fetre  k  court 
terme,  car  aux  variations  ionosphOriques  s’ajoutent  les  variations  dues  aux 
utilisateurs  et  dont  la  variabilitO  est  bien  plus  grande. 

Ensuite,  il  me  semble  que  Ton  a  de  bonnes  raisons  d’Otre  optimiste  sur  la 
stabilitO  du  spectre.  En  effet  si  I’on  doublait,  ou  si  I’on  divisait  par  2  le 
nombre  d’Ometteurs  existant  sur  terre  on  n’obtiendrait  qu’une  variation  dc 
3dB  du  niveau  moyen  du  spectre  HF. 

Enfin,  je  pense  que  les  Otudes  ^  mener  ne  doivent  pas  Otre  menOes  cn 
s’interrogeant  sur  le  coOt  d’un  tel  systOme.  Il  faut  le  faire  de  toute  fagon. 

AUTHOR’S  REPLY 

The  cost  must  be  considered  when  determining  if  a  regional  (or  global) 
model  is  practically  achievable.  The  distance  correlation  data  available  now 
indicate  that  sampling  can  be  done  at  a  spacing  greater  than  500  km. 
Therefore,  a  regional  model  for  Europe  seems  practical  from  an  economic 
stand  point. 
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modelisahon  spatio-temporelle 

DES  INTERFERENCES  ELECTROMAGNETIQUES  H.F. 
EN  EUROPE  OCCIDENTALE 

T.  CANAT,  J.  CARATORI,  C  GOUTELARD 
LETTI  -  University  Paris-Sud  -  Orsay  -  France 


-oOo- 


l.-lNTRODUaiON- 

L’encombrement  spectral  de  la  gamme  des  ondes  ddcamytriques  prouve  son  exploitation  permanente 
par  de  nombreux  utilisateurs.  Dans  ce  spectre,  qui  s’itend  de  3  k  30  MHz,  rimporiance  des  interidrences 
est  tris  grande  ^  cause  des  puissances  utilisdes  -  certains  dmetteurs  ont  des  puissances  d'dmission  de 
IMW  -  mais  aussi  &  cause  des  conditions  de  propagation  qui  permettent  de  grandes  portdes  avec  de 
faibles  pertes  de  puissance. 

La  quality  d’une  liaison  est  caractyrisye  par  son  rapport  signal/(bruit  +  interfdrences).  On  s’est 
beaucoup  penchy,  durant  les  anndes  passdes,  sur  le  calcul  et  la  pryvision  de  la  puissance  du  signal.  Les 
caraciyristiques  variables  de  I’ionosphire,  lides  &  I’indice  d’activity  solaire  dont  on  possbde  des  valeurs 
suffisamment  prycises  depuis  1730,  ont  incity  les  chercheurs  4  dytinir  des  mythodes  de  pryvision.  Ces 
mythodes  dont  I’efficacity  est  connue  permettent,  avec  des  temps  de  pryavis  variables,  de  donner 
satisfaction  aux  utilisateurs. 

Cependant,  la  quality  d'une  liaison  ddpend  tout  autant  du  bruit  et  des  interfyrences,  mime  si  ce  terme 
apparatt  au  dynominateur  d’un  rapport.  Le  bruit  et  plus  encore  les  interfyrences  dipendent  des 
conditions  ionosphiriques  et  sont  done  fonction  du  temps  et  de  I’espace.  D’autres  causes  de  variations 
existent,  liyes  notamment  4  la  density  des  imetteurs  dans  la  zone  de  plusieurs  milliers  de  kilomilres  qui 
entoure  le  lieu  de  ryception.  Ainsi,  I’encombrement  spectral  est  beaucoup  plus  important  en  Europe 
qu’en  Amdrique,  qu’au  coeur  de  I’ocyan  padfique... 

Une  vision  plus  large  des  privisions  ionosphyriques  consiste  4  privoir,  non  plus  seulement  la  puissance 
du  signal  regu,  mais  la  valeur  complite  du  rapport  signal/(interfyrence$  4-  bruit),  qui,  comme  il  vient 
d’itre  dit,  ne  ddpend  plus  uniquement  que  de  I'activity  solaire,  mais  igalement  de  I’activiti  des  autres 
utilisateurs. 

La  pryvision  de  I’activity  des  interfirences  constitue  une  partie  de  cette  prisemation,  mais  cette 
privision  doit  itre  complitie,  pour  les  systimes  modernes,  par  une  dvaluation  des  variations  spatiales 
des  interfyrences. 

L’utilisation  d’antennes  directives  el  le  traitement  du  signal  par  les  antennes  permettent  de  rdduire 
I’influence  des  interfyrences  par  la  discrimination  de  leur  direction  d’arrivye.  Ainsi,  I'ytude  de  la 
rypartition  des  interfirences  en  fonction  de  I’azimut  devient  une  connaissance  4  priori  utile  pour  la 
conception  des  systimes. 
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La  variation  spatiale  des  interferences  conceme  &  la  fois  leur  prdvision  ct  I’dlaboration  de  systimes  ^ 
grande  base  utilisant  la  diversitd  d’espace.  En  effet,  un  systime  de  provision  des  interferences  doit 
prendre  en  compte  ^  la  fois  les  variations  temporelles  et  les  variations  spatiales,  de  fa;on  ^  etablir  le 
temps  de  preavis  optimum  et  le  maillage  spatial  le  moins  cotlteux  limite  par  un  coefficient  de  correlation 
minimum  entre  les  points  d’une  maille.  Ces  considerations  sont  examinees  dans  une  seconde  partie  de 
cette  presentation. 

I-es  resultats  presentes  s’appuient  sur  un  ensemble  de  mesures  d’environ  60  millions  de  points.  Ces 
resultats  ont  ete  obtenus  avec  des  systimes  informatises,  seuls  capables  de  permettre  un  traitement 
complet.  Deux  systimes  ont  ete  con(us.  Le  premier,  relativement  lourd,  a  permis  d'effectuer  des  analyses 
tres  fines,  le  second  plus  leger  est  constitue  par  des  systemes  identiques  transportables  utilises  pour 
retude  des  correlations  spatiales. 

Ces  systemes  sont  decrits  dans  la  premiere  partie  de  cette  communication. 

Les  resultats  d'une  telle  etude  sont  explodes  dans  un  projet  de  reception  k  grande  fiabilite  utilisant  une 
base  de  reception  etendue  k  diversite. 


L’etude  du  spectre  H.F.  montre  que  la  difference  entre  le  niveau  de  I'emelteur  le  plus  puissant  et  le 
niveau  du  bruit  de  fond,  atteint  couramment  lOOdB,  voire  davantage.  Une  telle  variabilite  impose  des 
contraintes  sevires  it  I’appareillage  de  mesure.  Celui-ci  devra  posseder  k  la  fois :  une  grande  sensibilite, 
de  maniere  i  pouvoir  mesurer  effectivement  le  bruit  plancher,  ainsi  qu’un  point  d’interception  d’ordre  3 
eieve,  de  faqon  it  permettre  la  mesure  du  niveau  du  signal  le  plus  intense,  sans  engendrer 
d'intermodulation.  Sa  dynamique  doit  done  itre  aussi  grande  que  possible. 

Le  spectre  H.F.  dvolue  aussi  en  fonction  de  I’heure  et  de  la  saison,  aussi  I’appareillage  devra-t-il 
permettre  de  relever  et  d’enregistrer,  de  fa;on  automatique,  un  grand  nombre  d'6chantillons  couvrant 
I'ensemble  des  situations  possibles.  11  devra  done  ixit  programmable  via  un  ordinateur. 

Dans  le  but  de  faciliter  I’^tude  exp6rimentale  du  spectre  H.F.,  le  LE'lTl  a  d6velopp6  deux  systimes  de 
mesure  rdpondant  chacun  it  des  entires  spicifiques. 

Le  premier  d’entre  eux,  dont  la  figure  1  reprisente  le  synoptique,  a  ixi  con9u  dans  le  but  d’effectuer  des 
mesures  de  grande  qualiti,  k  poste  fixe.  II  se  compose  :< 

-  D’un  analyseur  de  spectre  syntWtisd  et  programmable  Marconi  2382. 

-  D’un  ordinateur  HP  9000  type  A330  6quip6  d’un  disque  dur  de  40Moctets. 

-  D’un  "tiroir  mesure”  programmable  et  italonnable,  destini  i  amiliorer  les 
performances  globales  du  systime. 

Le  tiroir  mesure  contient  essentiellement  : 

-  Des  commutateurs  permettant  de  silectionner  le  signal  it  analyser :  charge  SO  tx  ou 
ginirateur  en  mode  italonnage,  antenne  active  ou  riseau  k  balayage  ilectromque  en 
mode  mesure. 

•  Une  batterie  de  Sltres  passifs  passe-bande  de  largeur  un  demi-octave,  destinis  i 
iliminrr  les  produits  d’intermodulation  d’ordre  2. 
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-  Un  ensemble  d’amplificateurs  large-bande,  fort-niveau,  faible-bruit,  et  d’attdnuateurs, 
dont  le  rdle  est  de  fixer  le  facteur  de  bruit,  done  la  sensibilitd  de  la  chaine. 

Ce  systime  posside  une  sensibilitd  maximale  d’environ  -140dBm  pour  une  largeur  de  bande  de  IKHz 
(facteur  de  bruit  F  «  4dB),  une  dynamique  maximale  de  85dB  et  une  dynamique  totale  de  140dB,  ce  qui 
assure,  dans  tous  les  cas,  d’excellentes  mesures. 

Le  second  systime  a  £t6  con;u  dans  le  but  d’dtudier  la  correlation  spatiale  des  iiiierterences.  La  ndeessite 
de  transporter  frequemment  le  materiel  a  oriente  le  chobc  vers  un  syAtime  compact  et  leger.  La  figure  2 
montre  que  la  chaine  de  mesure  se  compose  :• 

•  D’une  antenne  active  AFT2. 

-  D’un  rdeepteur  de  trafic  synthetise  et  programmable  NARDEUX  T-264,  capable  de 
mesurer  le  niveau  du  signal,  et  de  la  transmettre  k  un  calculateur  via  un  bus  IEEE-488. 

-  D'un  calculateur  associe  d  un  lecteur  de  disque  souple. 

Ce  systeme  posside  une  sensibilite  un  peu  moins  bonne  que  celle  du  systbme  fixe,  et  sa  dynamique  est 
beaucoup  plus  faible.  Cependani,  I’utilisation  du  circuit  de  contrdle  automatique  du  gain  (C.A.G.) 
permet  de  bdn^ficier  d'une  dynamique  totale  supirieure  &  lOOdB,  ce  qui  est  amplement  suffisant  pour 
r^tude  comparative  des  interfdrences  seules. 

Dans  les  deux  systimes,  un  programme  de  mesure  permet  k  I’ordinateur  de  :■ 

-  Fixer  les  paramJtrcs. 

-  Lancer  une  mesure  it  I’instant  privu. 

-  Acqudrir  les  r^sutlats  et  les  convertir  en  ASCII  (ce  qui  rddiiit  considirablement  le 
volume  de  donn4es  it  Stocker,  et  augmente  I’autonomie). 

Stocker  les  rdsultats  sur  disquette,  sur  disque  dur  ou  sur  bande  selon  le  cas. 

II  faut  noter  que,  du  fait  de  revolution  de  I’ionosphire,  et  plus  particulieremeni  de  I’absorption,  le  niveau 
des  signaux  re(us  dvolue  au  cours  de  la  journde.  En  consequence,  le  programme  adapte 
automatiquement  les  caracteristiques  de  la  chaine  de  mesure  it  celles  des  signaux  analyses,  assurant  ainsi 
en  permanence  des  performances  optimales. 

Enfin,  seinn  la  frequence  des  mesures  et  la  nature  du  support  utilise  pour  le  stockage  des  donnees, 
I’autonomie  se  situe  entre  quelques  jours  et  quelques  semaines. 


III.  •  ETUPE  SPATlALEJ)JES.tmi;RfERENCES  - 

Les  etudes  presentees  s'inscrivent  dans  une  etude  plus  vaste  qui  a  porte  sur  le  bruit  et  sur  les 
interferences  [1]. 

Les  mesures  ^  azimut  variable,  effectuees  pour  etudier  la  distribution  spatiale  du  bruit  et  des 
interferences,  ont  ete  realisees  e  la  station  STUDIO  (Systeme  de  Traitement  Universel  et  de  Diagnostic 
lOnospherique),  situee  d  40  km  au  sud  de  Paris.  Cette  station  dispose  d’un  rdseau  plan  d’antennes 
biconiques  e  balayage  eiectronique,  couvrant  environ  1  hectare,  dont  le  lobe  de  rayonnement  pent  etre 
oriente  dans  une  direction  quelconque  (figure  3). 
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Les  spectres  observes  dans  la  bande  3-30MHz  sont  bien  connus  et  les  variations  temporelles  et  spatiales 
sont  iUustr£es  par  les  enregistrements  de  la  figure  4. 

m.i.  BniU.rt  ipttrgrenws 

La  distinction  entre  le  bruit  et  les  interferences  a  6tt  faite  k  partir  de  la  fonction  de  densiti  de 
probabilite  d’amplitude  du  signal  re$u  dans  une  bande  de  frequence  definie. 

La  methode  de  mesure  utilisee  est  illustree  par  les  courbes  de  la  figure  5,  resumant  les 
traitements  effectues  sur  des  analyses  spectrales  de  50KHz  obtenues  avec  des  resolutions  de 
300Hz.  La  figure  S.a,  qui  represente  la  densite  de  probabilite  de  bruit  P2(x)  du  systime  de 
mesure  fait  ressortir  une  distribution  de  Rayleigh  parfaitement  conforme  h  la  theorie  :• 

P,(x)  -ye*  (1) 

oh  q^  est  lie  k  la  valeur  quadratique  moyenne  du  bruit  par  la  relation  > 


(2) 


Lorsque  x  tend  vers  zero,  il  vient 


log  p(x)  -  0,1  -  0,1  0,  -  0,94  (3) 

at 

Cette  droite  asymptotique  A  a  permet  d’evaluer  le  bruit  d’appareillage. 

Les  mesures  donnent  les  densites  de  probabilites  Pj^(x)  dont  les  figures  5  b  et  5.c  donnent 
deux  exemples  mesures  en  France,  au  sud  de  Paris,  avec  le  systime  d’aeriens  de  la  station 
STUDIO,  dans  les  directions  Est  et  Quest.  On  peut  noter  la  difference  importante  qui  existe 
entre  ces  enregistrements,  qui  reveient  des  interferences  beaucoup  plus  importantes  dans  la 
direction  Est  que  dans  la  direction  Quest. 

La  distinction  entre  le  bruit  d’appareillage,  le  bruit  atmospherique  et  les  interferences  a  ete 
effectuee  en  remarquant  que  les  interferences  ont  des  puissances  supeneures  au  bruit  et 
apparaissent  done  pour  les  fortes  valeurs  de  I'amplitude.  Pour  les  faibles  valeurs,  seui  le  bruit 
et  les  interferences  faibles  subsistent  et  on  retrouve  une  loi  de  distribution  de  Rayleigh 
asymptotique  <1  la  droite 


log  p(x)  =  0,1  -0,1  0^  -  0,94  (A) 

La  droite  A  est  translatee  par  rapport  h  la  droite  Aa  d’une  quantite 


Aj  =  (0  -  Oj)  dB 


(5) 


11  devient  done  possible  de  corriger  I’efiet  d’appareillage  et  les  enregistrements  des  figures  5.b 
et  S.c  montrent : 

•  Que  le  bruit  composite  (bruit  4  interferences  faibles),  est  plus  important  dans  la 
direction  Est  que  dans  la  direction  Quest. 


-  Qu’au-deli  du  maximimi  de  la  courbe  de  densitd  de  probability,  la  caractiristique  de 
Rayleigh  disparait  k  cause  des  mterf6rences  de  fort  niveau. 

-  Que  la  pr£sence  d'interfyrences  de  fort  niveau  est  plus  importante  dans  la  direction  Est 
que  dans  la  direction  Ouest. 


Ill  2.  Rynartition  azimutale  des  interferences 

Une  ytude  de  la  rdpartition  azimutale  des  interfyrences  a  yt6  effectuie  <t  I'aide  du  rdseau  de 
la  station  STUDIO  orientable  tout  azimut  par  commande  £lectronique. 

Le  niveau  yievi  des  interferences  montre  qu'il  est  possible  de  les  evaluer  par  une  simple 
mesure  de  la  puissance  re^e  dans  une  bande  d’analyse,  la  puissance  du  bruit  etant 
nygligeable. 

La  procedure  utilisee  a  consiste  it  effectuer  une  analyse  spectrale  puis  &  calculer  la  puissance 
captee  dans  cette  bande.  L’affectation  des  bandes  de  frequence  aux  differents  services, 
radiodiffusion,  services  fixes,  services  mobiles...,  pose  le  probieme  du  choix  de  la  bande 
d’analyse.  On  a  finalement  choisi  pour  cette  etude  des  bandes  d’analyse  de  SOOKHz,  IMHz  et 
SMHz  sans  chercher  &  distinguer  les  differents  services,  d’une  part  pour  effectuer  une 
statistique  sur  un  plus  grand  nombre  de  points,  d’autre  part  k  cause  de  la  repartition 
relativement  uniforme  des  stations  et  de  leurs  puissances  d’emission  comparables.  On  a 
cependant  traite  de  fa(on  sdparee  les  bandes  englobant  les  stations  de  radiodiffusion  dont  les 
puissances  emises  sont  notablement  plus  eievees  que  les  autres. 

Les  resultats  obtenus  sont  illustres  par  les  diagrammes  des  mveaux  re(us  de  la  figure  6  qui 
represente  les  resultats  d’une  evolution  journaliere  typique  et  enregistres  les  18  et  19  fevrier 
1986. 

Les  bandes  d’analyse  choisies  sont  de  IMHz  et  les  niveaux  indiques  representent  la  puissance 
re^ue  normalisee  it  une  largeur  de  bande  de  3KHz,  resolution  de  I’analyse  spectrale. 

Ces  resultats  montrem 

•  Une  evolution  journaliere  du  niveau  d’interference  qui  fait  apparaltre  que  la  puissance 
reque  augmente  la  nuit  pour  les  frequences  faibles  alors  qu’elle  diminue  pour  les 
frequences  eievees.  Ces  resultats  sont  evidemment  lies  directement  aux  conditions 
ionospheriques  qui,  de  jourentralnent  une  absorption  importante  des  frequences  faibles 
dans  la  region  D,  et  de  nuit  abaissent  les  frequences  maximales  utilisables  it  cause  de  la 
reduction  des  frequences  critiques  de  la  region  F. 

-  Pour  toutes  les  frequences,  le  niveau  d’interference  est  nettemem  plus  eieve  vers  I’Est 
que  vers  I’Ouest.  On  note  une  difierence  moyenne  de  10  6  15dB  particulierement 
marquee  i  18  heures. 

Ce  resultat  traduit  ett  premier  lieu  une  density  d’emetteurs  plus  grande  &  I’Est  qu’& 
rOuest,  constat  qui  frappe  I’evidence  au  simple  vu  de  la  carte  d’Europe  occidentale.  En 
second  lieu,  I’accroissement  des  niveaux  d’interference  it  18  heures  peut  etre  interprete 
par  la  reduction  de  I’absorption  par  la  region  D  pour  les  emissions  issues  de  I’Est. 
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Ces  rfsuUats  montrent  que  les  imetttrences  en  Europe  occidentale  sent  essentiellement  cries 
par  les  imetteurs  situis  i  t’Est,  risultats  attendus,  et  qu’une  augmentation  de  10  i  ISdB  doit 
Stre  prise  en  compte  dans  I’ilaboration  des  systimes.  L’utilisation  d’antennes  directives,  voire 
d’antennes  adaptatives  doit  itre  considirie  comme  un  moyen  de  lutte  efficace  contre  les 
interfirences. 


in.3.  Corrtlatlon  snatlale  des  interfirences 

La  correlation  spatiale  des  interferences  est  importante  pour  les  raisons  signalies 
precedemment.  Des  mesures  effecluees  simultaniment  sur  diffirents  sites  ont  permis  de 
rechercher  les  coefficients  de  correlation  des  interferences  en  fonction  des  distances  siparant 
les  sites. 

Les  mesures  ont  ite  effectuies  en  analysant,  dans  la  gamme  3-30MHz,  un  ensemble  de 
bandes  de  5  4  30KHz  d'dtendue  selon  les  cas.  On  dinombre  dans  cette  gamme  une  repartition 
de  9S  bandes  affecties  aux  differents  services.  Le  nombre  de  bandes  traities  a  iti  choisi  soit 
egal  i  95  avec  des  itendues  d’analyse  de  30KHz  -  cas  le  plus  complet  soit  SO  bandes 
d'etenduaigales  k  SKHz. 

La  figure  7  reprisente  quatre  series  de  spectres  relevis  simullaniment  sur  deux  sites,  I'un  b  la 
station  STUDIO  1  de  Paris,  Taulre  k  ia  station  STUDIO  2  situde  au  sud  de  STUDIO  1  k  une 
distance  de  450  km,  Ces  spectres  sont  releves  dans  les  95  bandes  definies  preeddemment  et 
chaque  enregistre.-nent,  effectud  sur  une  durde  de  1  heure,  reprdsente  15  spectres  rclevds 
toutes  les  4  minutes. 

Ces  enregistrements  montrent : 

•  Pour  chaque  site,  la  bonne  corrdlation  temporelle  que  traduit  la  faible  dispersion  des 
Courbet!. 

•  L’absorption  des  frdquences  basses  en  milieu  de  journde. 

-  La  bonne  corrdlation  des  spectres  entre  les  sites  STUDIO  1  et  STUDIO  2. 

Cette  corrdlation  apparalt  dgalement  dans  les  variations  temporelle  des  niveaux  des  signaux 
relevds  dans  les  deux  stations.  Les  rdsultats  de  la  figure  8  montrent  des  enregistrements 
effectuds  durant  60  heures  sur  les  sites  STUDIO  1  et  STUDIO  2  avec  des  bandes  d'analyse  de 
30KHz  dans  les  bandes  suivantes  :• 

-  Radiodiffusion ;  7  200  KHz 

-  Service  maritime  mobile  ;•  8  657,5  KHz 

•  Service  fixe  et  mobile  :■  6  882,5KHz 

-  Bande  amateur  fixe  r  7  050  KHz 

Ces  rdsultats  montrent  qu’il  existe  une  corrdlation  entre  les  niveaux  regus  quel  que  soit  le  type 
de  service  observd.  On  peut  noter  cependant  que  la  corrdlation  est  fortement  marqude  pour 
les  bandes  de  radiodiffusion  oil  Ton  note  aisdment  la  mise  en  service  d’dmetteurs  d  heure  fixe. 
Cette  corrdlation  plus  forte  peut  due  interprdtde  par  le  fait  que  dans  ces  bandes  la  densiid  des 
dmetteurs  est  plus  faible  et  les  puissances  plus  fortes . 

Pour  dvaluer  quantitativement  la  corrdlation  entre  les  niveaux  regus  on  a  utilisd  les  rdsultats 
d’une  expdrience  mende  dans  des  bandes  de  5KHz  peu  contamindes  par  les  interfdrences. 
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Une  £tude  ^tdmatique  de  la  correlation  entre  different  sites  a  iti  efiectuee  k  I'aide  de  3 
stations  situdes  au  sommet  d’un  triangle  dont  les  cdtds  mesurent  500, 700  et  1000  km  [2].  Un 
choix  de  SO  bandes  de  frequences,  de  SKHz  de  largeur,  a  (fabord  dtd  effectue  parmi  les 
bandes  repdrdes  comme  statistiqueroent  peu  contamindes  par  les  inteifdrences.  Pour 
discriminer  I’efret  azimutal  ddcrit  prdcedenunent  de  I’effet  prdsent,  on  a  utilise  des  antennes 
directives  oriemdes  vers  le  nord.  Les  mesures  ont  dtd  effectudes  simultandment  dans  les  trois 
stations  avec  une  precision  supdrieure  &  la  seconde. 

Les  mesures  ont  dtd  exploitdes  en  analysant  le  niveau  du  signal  re;u  &  la  station  k  {1,23}  et 
en  ddfinissant  par  tranche  d'analjse  de  2  heures  (figure  9) : 

-  Le  nombre  de  pdriodes,  appeldes  pdriodes  claires,  pendant  lesquelles  le  seuil  S,^ 
demeure  constanunent  infdrieur  h  un  seuil  Sc  choisi  parmi  IS  seuils  distants  de  3dB.  On 
appelle  T,,,  la  durde  de  la  k  idme  pdriode  claire. 

-  La  durde  totale  du  temps  des  pdriodes  claires 

Td,  “  2  T„  (6) 

-  L’dcart  type  de  la  durde  des  pdriodes  claires. 

-  La  durde  moyenne  des  pdriodes  claires 


De  la  mtme  fajon,  on  a  ddtermind  les  pdriodes  claires  durant  lesquelles  les  niveaux  S^, 
et  S^  des  stations  kl  et  k2  dtaient  simultandment  infdrieurs  &  S,,  ce  qui  a  conduit  &  ddfinir  les 
durdes  moyennes  et  I’dcart  type  des  pdriodes  claires  des  stations  prises  2  d  2  et 
enfm  la  durde  moyenne  0^,^,  et  I'dcart  type  0^,23  pdriodes  claires  simultandes  des  trois 
stations. 

A  partir  de  ces  ddfmitions,  il  a  dtd  ddtermind  les  probabilitds  P^CS^)  d’obtenir  un  seuil 
infdrieur  i  S,  dans  cheque  station  et  la  probabilitd  Pkiu(S;)  d'obtenir  simultandment  des 
niveaux  infdrieurs  k  dans  les  deux  stations. 

On  a  alors  ddfini  un  coefficient  d’inddpenJance  stations  qui  prend  la  valeur 

0  loisque  les  variables  aldatoires  deviennent  inddpendan’es.  Les  rdsultats  obtenus, 
reprdsentds  sur  la  figure  10  montrent  que  le  coefficient  d’inddpendance  ddpend  du  seuil  et 
qu'il  est  supdrieur  ft  0,9  pour  un  niveau  supdrieur  ft  -  lOOdB. 

II  apparalt  done,  au  vu  de  ces  rdsultats,  que  sur  des  distances  de  SOO,  700  et  1000  km  la 
corrdlation  entre  les  interfdrences  est  faible  et  pratiquement  la  mdme  quelle  que  soil  la 
distance  entre  les  stations. 

Ce  rdsultat,  obtenu  sur  des  canaux  sdlectionnds  pour  le  faible  niveau  statistique  des 
interfdrences,  trouve  une  application  dans  la  transmission  d’information  ft  haute  fiabilitd  [2] 
utilisant  une  base  de  rdeeption  diversifide  de  grande  dimension. 
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IV.  -  EVOLUTION  TEMPORELt^  DES  INTERFERENCES  - 

Les  donn£es  n£cessaires  H  cette  dtude  ont  obtenues  k  la  station  STUDIO,  grSce  au  ^time  de 
mesure  fixe  pr£c£denunent  dicrit 

IV.l.  Acflulsitlondes  donnas 

PlutOt  que  d’analyser  la  totaiit6  du  spectre  H.F.,  nous  avons  jug£  priKrable  d’6tudier  quatre 
bandes  de  SOOKHz,  representatives  de  la  diversity  des  services  de  telecommunication 
rencontres.  Le  tableau  11  indique  pour  chacune  des  bandes  retenues  le  decoupage  en  sous- 
bandes  et  les  utilisations  assignees  par  I’U.I.T.  (Union  Internationale  de 
Telecommunications). 

Les  mesures  sont  faites  -avec  une  resolution  de  IKHz.  Chaque  spectre  de  largeur  SOOKHz 
enregistre  resulte  du  moyennage  de  8  spectres  individuels  consecutifs.  Les  4  bandes  sont 
analysees  en  moins  de  2mn,  ce  qui  permet  d’enregistrer  un  bloc  de  30  echantillons  spectraux 
en  1  heure.  Ces  blocs  sont  acquis  au  lythme  d’un  toutes  les  3  heures  (figure  12).  Si  on  fixe  la 
duree  d’une  campagne  de  mesure  k  IS  jours,  cel&  permet  de  constituer  une  banque  de 
donnees  comportant  pr^s  de  S8  000  000  points  de  mesure,  ce  qui  constitue  une  bonne  base  de 
travail  pour  I’analyse  num<rique  de  revolution  temporelle  des  interferences. 

II  est  important  de  noter  d’autre  part,  'que  le  systeme  de  mesure  est  etalonne 
automatiqucment  avant  chaque  cycle  d’une  heure,  afin  d’assurer  une  qualite  de  mesure 
maximale. 

La  figure  13  represente  quelques  exemples  de  .spectres  releves  d  OOh  et  ^  12h  T.U.  le  24  juin 
1989,  qui  mettent  en  evidence  les  variations  du  plancher  de  bruit  et  de  la  dynamique  des 
signaux. 


1V.2. 1 


L'interit  des  diagrammes  d’occupation  est  essentiellement  de  permettre  la  recherche  des 
frequences  claires.  Utilises  conjointement  aux  previsions  de  propagations,  de  tels  diagrammes 
constituent  une  aide  precicuse  pour  retablissement  des  plans  de  frequence.  II  faut  signaler 
que  GOTT  et  Cie  [3]  [4]  (5J  ont  etabli  un  modile  de  I’encombremem  special  dans  la  bande 
H.F.,  tenant  compte  de  la  frequence  de  travail,  du  seuil  d’interference  toiere  et  de  I’indice 
d'activite  solaire.  Ce  modile  cependant,  ne  permet  que  des  previsions  4  long  terme,  car  il 
n'inclus  pas  les  variations  saisonniires  des  interferences.  Le  systime  de  mesure  que  nous 
avons  developpe  est,  quant  k  lui,  plutOt  destine  &  I’etude  fine  de  I’encombrement  dans  un 
nombre  limite  de  canaux. 

Pour  caracteriser  les  evolutions  temporelles  de  I’occupation,  nous  avons  evalue,  pour  une 
frequence  f,  un  seuil  S  et  une  heure  h  donne$,  le  nombre  n  de  fois  oh  le  niveau  du  signal 
depasse  le  seuil  fixe,  cela  sur  une  periode  de  IS  jours.  Le  taux  d’occupation  croit  bien 
evidemment  lorsque  le  seuil  diminue,  comnie  le  confirme  les  illustrations  de  la  figure  14. 
L’exemple  choisi  montre  que  I’emetteur  etudif  a  cesse  d’emettre  entre  12h24  et  12hS4,  et  que 
lorsqu’il  fonctionnait  le  niveau  du  signal  capte  etait  superieur  k  -9SdBm  environ.  La  remontee 
de  I’occupation  au  seuil  -llOdBm  correspond  au  bruit  d’appareillage  et  est  done  non 
significative. 


•* 
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Les  diagranunes  d’occupation  fournisseot  une  probability  moyenne  d’encombrement  sur  une 
pyriode  donoye,  tnais  ne  renseignemcQt  pas  sur  I’yvolution  temporelle  de  I’encombrement. 
Afin  de  combler  cette  lacune,  nous  avons  ytudiy  la  probability  pour  qu’une  bande  soit  claire 
pendant  J  jours  consycuti£s,  au  niveau  S,  et  &  une  beure  donnie. 

Les  ychantilions  d’amplitude  relati£s  it  llieure  V  sont  rangys  dans  un  tableau  k  3  dimensions 
A(Nj,  N,,  Nj)  d’yiyments  a(j,  t,  I),  avec : 

-  Nj  nombre  de  jours  d’observation  (Nj  >  IS) 

-  N,  nombre  d’ycbantillons  dans  une  beure  (N,  >  30) 

-  N,  nombre  de  points  de  fryquence  dans  la  bande  analysye. 

Le  seuil  S  ytant  fixy,  on  forme  un  second  tableau  B(Nj,  N,,  N,)  dont  les  yidments  b0‘.  t,  f)  sont 
tels  que : 

b(j,  t,  f)  =  0  si  a(j,  t,  0  2  S 

b(i,  t,  0  ”  1  si  aO',  t,  0  <  S 

La  probability  pour  que  la  bande  soit  claire  J  jours  consycutifs  au  niveau  S,  est  alors  donnye 
par; 


P(S,J)  - 


2 


"1 

2 

Ul 


JW-I 

n 

j±. 


(M.  -  J  +  1)  H,  N, 


(8) 


L’exemple  de  la  figure  15  est  typique  de  I’yvolution  de  la  probability  de  clarty.  On  notera  que 
la  valeur  correspondant  i  J  ■  0  reprysente  la  probability  de  non-clarty,  ce  qui  correspond  au 
compiyment  de  la  probability  de  clarty  sur  1  jour  (J  ■  1). 


On  observe  d’autre  part,  pour  J  2  1,  une  dycroissance  ryguliyre  et  monotone  de  la  probability 
de  clarty  qui  suggire  une  loi  exponentielle.  Une  analyse  simple  montre  qu’il  en  est  bien  alnsi. 
Fosons ; 


-  nj  le  nombre  de  canaux  Clairs  J  jours  consycutifs  dans  la  bande  analysye. 

-  nj„  le  nombre  de  canaux  clairs  J  -t- 1  jours  consycutifs. 

II  est  yvident  que  Oj.,  est  proportionnel  k  Oj,  car  les  canaux  encore  clairs  le  J  +  1  ime  jour  ne 
peuvent  ytre  issus  que  de  I’ensemble  des  canaux  clairs  J  jours  consycutifs.  D’autre  part,  le 
nombre  de  canaux  clairs  diminue  nycessairement  avec  L  On  peut  done  ycrire ; 


dnj  =  -A„.n,.dj  (9) 

oO  la  constante  positive  A,  traduit  le  taux  d’extinction  des  canaux  clairs.  La  solution  de  cette 
yquation  diffyrentielle  est  : 


nj  =exp(-A,J-B^ 

et  comme  la  probability  de  clarty  est  P(S,  J)  =  Uj/N,,  on  obtient  finalement  :■ 


(10) 


P(S,J)  =  exp(-AJ-B) 


(11) 
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Cette  loi  a  6t6  v6rifi£e  avec  uoe  excellente  precision  pour  I’ensemble  des  donnies  disponibles. 
De  plus,  I’analyse  num£rique  des  coefficients  A  et  B  en  fonction  du  seuil  S,  a  montrd  que 
ceux-d  suivent  aussi  une  loi  exponentielle  (voir  figure  16),  ce  qui  permet  d’exprimer 
finalement  la  probabilit£  de  ciait£  sous  la  forme : 


P(S,  J)  =  exp  ( -  exp{-  AjS  -  .  J  -  exp(-  BjS  -  (12) 

dans  laquelle  les  coefficients  Aj,  A2,  Bj,  B2  dependent  de  I’heure  et  de  la  bande  de 
frequence  consid£r£s. 

Nous  avons  aussi  £tudi£  Tivolution  de  la  probability  de  clarti,  pour  un  seuil  donn£,  en 
fonction  de  I’heure.  La  figure  17  montre  que  la  probabiliti  de  clart£  est,  pour  un  seuil  donni, 
maximale  it  12h00,  et  minimale  vers  ISbOO.  Les  risultats  obtenus  traduisent  b  la  fois 
ryvolution  des  conditions  de  propagation  (MUF,  absorption),  et  les  conditions  d’utilisation 
des  ymetteurs  H.F.  (arrtt  de  certaines  £missions  la  nuit,  imissions  plus  nombreuses  en  fin  de 
journde).  Les  m£mes  graphes  montrent  d’autre  part  qu’une  pfriode  de  mesure  de  7  b  10  jours 
suffit  pour  permettre  revaluation  des  paramitres  A  et  B  entrant  dans  la  formule  donnant  la 
probability  de  clarty. 

IV.4.  Pryvislon  des  fryauences  clairts 

La  modyiisation  des  interferences  permet  d’envisager  une  prevision  b  court  terme  des 
frequences  Claires.  Une  methode  simple  consiste  b  mesurer  I’encombrement  spectral  pendant 
J  jours,  puis  b  utiliser  I’information  acquise  pour  estimer  I’encombrement  au  jour  J  + 1, 

Dans  ce  but,  nous  avons  defini  la  probability  C(S,  J)  pour  qu’une  bande  claire  J  jours 
consecutifs  soit  claire  le  J+ 1  ime  jour.  Pour  calculer  I’indice  de  clarte  C(S,  J),  definissons  t 


-  El  I'yvenement :  bande  claire  J  jours  consecutifs  au  seuil  S 

•  EJ  + 1  revenemcnt :  bande  claire  J  -i- 1  jours  consecutifs  au  seuil  S 

-  DJ  + 1  revenement ;  bande  claire  le  jour  J  + 1  au  seuil  S  lorsque  les  J  jours 

precedents  sont  clairs. 

On  a  alors : 


C(S,J) 


Prob(D,.,  si  E,) 


Prob(D,.,et  E,) 
ProbfE,) 


(13) 


Prob(D,„  et  Ej)  »  ProbfE, „) 


(14) 


d’oil 


C(S,J) 


ProbfE,.,)  Pts,J+l) 
ProbfE,)  “  PfS,J) 


(15) 


La  figure  IS  montre  comment  evolue  I’indice  de  clarte  en  fonction  du  seuil  pour  plusieurs 
valeurs  de  J.  Ptwdes  niveaux  de  seuil  faibles,  les  courbes  sont  limitees  par  le  bruit  plancher. 
Le  decalage  de  I’origine  des  courbes  provient  du  fait  que  la  probability  de  clarte  diminue 
lorsque  le  nombre  de  jours  diminue. 
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Si  les  courbes  sont  tris  difiirentes  pour  les  seuils  faibles,  elies  ont  tendance  &  se  rapprocher 
pour  les  seuils  dlevds.  Les  differences  observecs  s’expliquent  par  le  fait  qu’aux  faibles  niveaux 
c’est  le  bruit  qui  joue  le  rOle  principal,  alors  qu’aux  forts  niveaux  ce  sont  les  interferences.  Or 
le  modeie  adopte  ne  s'applique  qu’aux  interferences.  Si  on  se  limite  it  la  ganune  de  validite  du 
modeie,  et  si  on  introduit  dans  C(S4)  I'expression  etablie  precedenunent  pour  P(SrI)>  il  vient ; 

C(S,J)  =  exp{-A)  =  exp[  -  exp(-A,S  -  Aj)]  (16) 

n  apparalt  que  I’indioe  de  clarte  est  independant  du  nombre  de  jours  d’observation,  et  ne 
depend  que  du  seuil  S,  pour  une  bande  de  frequence  et  une  heure  donnees.  La  figure  19,  qui 
represente  les  graphes  calcuies  et  theoriques  (expression  16)  de  C(S4)  pour  S  compris  entre  - 
110  et  -SSdBm,  confirme  la  validite  du  modile  precedent. 


V.- CONCLUSION- 

La  bande  des  ondes  decametriques  demeure  encore  I’une  des  plus  utilisees  ;  cependant,  la  qualite  des 
liaisons  de.'end  du  rapport  signal  k  bruit  plus  interferences  et  non  du  seul  rapport  signal  k  bruit. 

Si  des  previsions  ionospheriques  permettent  de  prdvoir  avec  une  bonne  probabilite  I’intensite  du  signal 
re(u,  peu  d’etudes  ont  ete  menees  sur  la  possibilite  d’effectuer  des  previsions  sur  les  interferences. 

Comme  pour  les  previsions  ionospheriques,  il  est  possible  d’envlsager  des  previsions  &  long,  moyen,  ou 
court-terme.  L’etude  presentee  montre  qu’il  existe  k  la  fois  une  correlation  spatiale  et  une  correlation 
temporelle  des  interferences.  Pour  chacune  d’elles,  des  lois  de  prevision  peuvent  etre  etablies  au  vu  des 
mesures  effectuees.  Les  relations  empiriques  obtenues  sont  susceptibles  d’etre  interpretfes  k  partir  de 
modeies  thioriques  simples. 

Ces  resultats  doivent  etre  consideres  comme  un  encouragement  k  poursuivre  les  etudes  de  mode.'isation 
et  de  prevision  des  interferences,  k  I’echelle  locale  comme  e  I’echelle  planetaire.  Pour  que  ces  etudes 
aboutissent,  il  sera  necessaire  de  definir  en  premier  lieu  un  maillage  pour  I’echantillonnage  spatial,  et 
une  periodicite  pour  I’echantillonnage  temporel,  determines  i  partir  de  la  precision  des  previsions 
souhaitees. 
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FIGURE  4  (a)  Spectre  H.F.  en  Europe  Occidentale 
(b)  Varlatioiu  g4ographique«  du  ipectre  H.F. 
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FIGURE  S  Densitds  de  probabilitd  de  bruit  mesurdes 
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FIGURE  8  Correlation  spatiale  el  temporelle  du  spectre  H.F. 
Jour  de  debut :  31.08.90  i  I2h00  T.U. 
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Bande  9.8  -  10.3  Hiz 


9.800  - 

10.000  mz  : 

service 

fixe 

10.000  - 

10.100  mz  : 

service 

aeromoblle 

10.100  - 

10.300  mz  : 

service 

fixe 

Bande  11.9  - 

12.4  mz 

11.900  - 

11.975  mz  : 

service 

radiodiffusion 

11.975  - 

12.330  mz  : 

service 

fixe 

12.330  - 

12.400  MHz  : 

service 

mobile  maritime 

Bande  15.4  - 

15.9  mz 

15.400  - 

15.450  MHz  : 

service 

radiodiffusion 

15.450  - 

15.900  MKz  : 

service 

fixe 

Bande  21 . 1  - 

21.6  f>«z 

21.100  - 

21.450  MHz  : 

service 

amateur 

21.450  - 

21.600  mz  : 

service 

radiodiffusion 

TABLEAU  11  Composition  des  bandes  analys6es 


FIGURE  12  Structure  d’un  cycle  de  mesure 
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FIGURE  13  Evolution  temporelle  du  spectre  H.F. 
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FIGURE  16  Variations  des  paramilrts  A  ct  B  en  fonction  du  seull  S 


FIGURE  17  Variations  du  logarilhme  de  la  probability  de  clartd  en 
fonction  du  nombre  de  Jours  J  et  de  I’heure 


FIGURE  18  Variations  de  t’indice  de  clarty  en  fonction  du  seuil  S  pour 
dUryrentes  valeurs  de  J 


FIGURE  19  Graphes  calcuKs  et  thyoriques  de  I’indice  de  clarty  en 
fonction  du  seuil  S  pour  J  =  4 
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DISCUSSION 


George  H.  HAGN 

Data  in  your  paper  indicates  there  is  a  chance  for  a  regional  model  for 
congestion  and  for  "anti-congestion".  However,  I  am  surprised  that  the  decay 
of  clear  channels  is  as  slow  as  it  is  across  the  15  days  for  which  you  showed 
data. 

Could  you  comment  on  whether  you  also  were  surprised  by  this  relative 
stability  ? 

AUTHOR’S  REPLY 

II  n’existe  pas  de  canaux  clairs  durant  plusieurs  jours  cons^cutifs,  ni  mSme 
durant  un  jour,  dans  la  bande  HF. 

Les  r^sultats  pr6sent6s  concement  la  clartd  obtenue  sur  une  pdriode 
d’observation  d^finie,  dans  I’exemple  pr6sent6,  cette  pdriode  est  de  1  heure. 
D’autres  p^riodes  ont  ^videmment  analys^es. 
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Abstract — The  purp^  of  this  papa  is  to  introduce  certain 
nxxlels  of  topology-selective  stochastic  jamming  and  examine  its 
impact  on  a  class  of  fully-connected,  spread-spectrum,  slotted 
ALOHA-type  random-access  networks.  The  theory  covers 
dedicated  as  well  as  half-duplex  units.  The  dominant  role  of  die 
spatial  duty-factor  is  established,  and  connections  with  the  dual 
concept  of  time-selective  jamming  are  discussed.  The  optimal 
choices  of  coding  rate  and  link-access  parameters  (from  the 
users'  side)  and  me  jamming  spatial  fraction  are  numerically 
established  for  DS  and  FH  spreading. 


1.  Introduction 

The  throughput/delay  performance  of  Code-Division 
Random-Access  (CDRA)  spread-spectrum  networks  has 
received  wide  anention  in  the  {past  decade,  particularly  because 
of  me  military  interest  in  molnie  packet  radio  (KaGrBuKu78], 
(DaGr80],  [Rayc81],  [JubiSJ],  [ShTo851,  (Purs87J,  (PoSi87]. 
Accordingly,  me  sundvabilityr  of  a  Packet  Radio  (PR)  network 
under  jamming  attack  is  an  important  issue.  Concepraally,  a 
network  couid  be  attacked  on  three  iayers  of  importance,  namely 
me  end-to-end  network,  link,  and  physical  layers.  In  such  a 
jamming  game,  many  factors  couid  affect  me  results.  The 
communicators  have  me  choices  of  routing  algorimrns,  channel 
quality  monitoring  schemes,  and  the  network  information- 
exchange  schemes.  On  me  other  hand,  jammer  choices  include 
temporal  features  (such  as  static,  dynamic  or  follower  jamming) 
as  well  as  topological  features  (l.e.,  selection  of  nodes  or  links 
to  be  jammed). 

The  purpose  of  the  present  paper  is  to  introduce  certain 
concepts  on  topology-selective  jamming  and  funher  examine  its 
impact  on  a  certain  class  of  ''local"  or  "monohop"  or  "fully- 
connected"  networks,  which  we  specify  below.  This  particular 
class  of  networks  has  been  selected  because  there  exists  a 
convenient  analytic  vehicle  which  adequately  describes  their 
performance  [PoSi87];  mus,  it  provides  a  good  starting  model 
u|)on  which  topological  jamming  can  be  defined  and  assessed 
wim  a  reasonable  degree  of  analytic  ease.  We  note,  however, 
mat  the  following  defuiitioas  of  topological  selecdvi^  are  quite 
general  and  can  be  applirxl  to  other  models  as  well.  We  also 
note  that  topological  selectivity  can  be  perceived  as  a 
complementary  notion  to  temporal  selectivity,  which  pertains  to 
jamming  patterns  with  different  time-domain  profiles  but 
homogeneous  with  regard  to  space.  In  omer  words,  me  jammer 
can  be  ON  or  OFF  in  a  deterministic  or  stochastic  way  but, 
when  ON,  all  nodes  are  januned;  the  reader  is  refer^  to 
[(bPo87]  for  a  discussion  of  the  latter  case. 

As  mentioned,  jamming  wim  any  particular  selectiWty 
feature  manifests  itself  on  all  three  layers.  Thus,  it  is  not 
immediately  clear  how  the  "local"  or  "monohop"  results  of  this 
paper  ought  to  be  interpreted  in  a  larger  multihop  environment, 
especially  in  view  of  die  fact  mat  there  does  not  seem  to  exist  a 
unique,  widely  accepted  analytic  lod  for  performance  evaluation 
in  this  case.  Here,  we  choose  to  focus  on  the  mon<mop  model 
bwause  (a)  certain  networks  are  indeed  quite  adMuately 
described  by  this  model  and  (b)  it  allows  for  certain  conclusions 
and  assessment  to  be  made.  In  particular,  multi-receiver  satellite 
systems  enmloying  CDRA  techniques  (Wu84}  or  tetresoial 
networics  which  either  operate  in  smaller  ranges  or  employ 
hierarchical  structures  wim  dedicated  repeater-nodes  would  fit 
weU  the  present  model. 

The  paper  is  organized  as  follows:  first,  in  section  2,  we 
review  the  basic  features  of  the  netwotk  models.  As  we  explain, 
we  will  consider  two  distinct  classes  of  networks:  those  wim 
dedicated  transmitters  and  receivers,  where  no  switching 
between  thoae  two  functions  takes  place  (sections  3  -  S),  and 


those  wim  non-dedicated  or  half-duplex  units,  where  nodes 
indeed  switch  between  me  two  functions  s^uentially  in  time 
(sections  6  -  8).  The  reason  for  the  distinction  is  that  the 
jamming  parameters  must  be  somewhat  different  for  the  two 
possibilities.  So,  a  stochastic  jamming  model  for  me  first  case  is 
presented  in  section  3,  followed  by  the  corresponding 
throughput/delay  analysis  in  section  4.  For  illustrative  purpo^, 
two  particular  examples  (scenarios)  of  topology-selective 
jamming  are  considered  in  detail.  In  mis  section,  an  efficient 
combinatorial  algorithm  is  also  presented  for  the  recursive 
evaluation  of  certain  important  probabilistic  parameters,  an 
enhancing  feature  of  me  meoiy  in  [PoSi87]  in  its  own  merit. 
Numerical  results  for  this  section  are  piesented  in  section  S.  The 
alternative  network  and  the  concomitant  jamming  model  is 
explained  in  section  6,  while  its  analysis  is  presented  in 
subsections  6a  and  6b.  Numerical  results  and  comparisons  are 
included  in  section  1.  The  paper  concludes  wim  me  discussion 
in  section  8. 


2.  Network  Models 

We  identify  in  mis  section  the  particular  monohop  network 
which  we  employ  in  the  present  study.  As  mentioned,  the 
monohop  network  environment  under  consideration  is  either 
identical  or  closely  related  to  the  one  analyzed  in  [PoSi87].  In 
particular,  we  assume  an  arbitrary  collection  of  potential 
transmitters  (TRs)  and  receivers  (RCVRs)  in  a  statistically 
symmetrical  setup,  namely,  each  TR  faces  me  same  probabilistic 
clrcumsunces  in  me  channel;  an  analogous  symmetry  holds 
fiom  each  RCVR'a  vievmint  Fimhermore,  every  TR  can  be 
heard  from  every  RCVR;  in  mis  sense,  the  network  is  fully- 
connected.  Time  is  slotted.  The  total  number  of  nodes  or  units 
under  consideration  is  denoted  by  U  (see  Tabie  I,  which  is 
borrowed  from  [PoSi87]  and  summarizes  the  notation  and 
terminolon  throughout  thia  paper  aiso). 

We  should  distinguish,  at  this  point,  between  the 
concepts  of  potential  and  active  TRs  or  RCVRs.  Any  unit  that 
can  and,  at  some  time,  will  transmit,  belongs  to  the  set  of 
potential  TRs  whose  fixed  size  is  %  the  same  goes  for  potential 
RCVRs  (size  Ng).  The  term  "active”  is  reserv^  for  those  units 
which  indeed  act  in  eimer  capacity  at  a  particular  slot.  For 
random  access,  the  number  of  active  TRs  In  any  slot  Is  a  random 
variable  (r.v.),  denoted  by  My;  mus,  in  general.  My  *  Ny.  On 
the  omer  hand,  the  picture  regarding  the  number  of  active 
RCVRs  is  a  bit  more  complicatMi  if  the  netwoik  is  built  wim 
exclusively-functioning  TRs  and  RCVRs,  then  active  and 
potential  RCVRs  ate  identical  notions,  i.e..  Mg  ■  Ng;  we  will 
call  this  me  dedicated  model  and  adtess  it  in  me  following 
section.  The  aforementioned  satellite  random-access  application 
would  mostly  fit  in  mis  category.  Let  us  note  im  full-duplex 
units  constitute  a  special  case  of  dedicated  networks  wim  U 
Ny  s  Ng.  In  general,  Ny  *  Ng,  such  as  in  the  single-star 
(DaGr80]  or  connected-star  topology.  In  many  terrestrial 
applications  it  is  much  more  economical  to  deploy  half-duplex 
r^ems,  which  means  mat  a  unit  will  successfully  alternate 
between  me  receiving  mode  and  the  transmitting  mode;  it  is  not 
dedicated  solely  to  either  one  of  the  two  fiinctions,  and  it  cannot 
do  both  at  me  same  time.  This  com(^ses  the  nondedlcated- 
modem  netwoik  model,  and  we  consider  it  in  section  6.  Of 
course,  hybrid  models  can  be  created  wim  some  dedicated  and 
some  nondedicated  units,  but  their  analysis  would  be  a 
straightforward  extension  of  the  present  one.  Let  us  note  again 
mat,  in  all  cases,  the  number  of  active  TRs  My  is  a  random 
variable  (0  £  My  ^  Ny)  wim  an  unconditional  pdf  fMyfto) 
Table  1). 

The  access  protocol  is  of  the  sIotted-ALOHA  type  wim  p^, 
p,  denoting  me  new-packet  and  backlogged-packet  transmission 
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prolMtnlides,  (cspecdvdy  [Kll4;7S].  We  shall  assume  a  finite 
number  of  TR's.  No  buffering  will  be  assumed;  thus, 
transfflittets  are  always  busy  (never  idle  widi  an  empty  buffer), 
ingtlying  that  diey  are  eidier  in  the  ori!;Mdrfve  mode  Oridi  a  new 
packet)  or  in  the  backlogged  mode  (with  a  packet  dutt  failed 
sometime  previously):  tUs  is  die  standatd  model  of  pciLaTS]. 
For  a  netwoik  under  jamming  stress,  the  assunqitioo  of  nevn'- 
idle  useis  is  quite  reakmable  and  ootiesponds  to  the  interestiog 
case  of  the  jananer  being  sufficieotiy  strong  to  keep  the  network 
busy  most  of  the  time.  Fuithennore,  regardless  of  the  mode 
they  are  in,  the  TRs  will  be  either  active  or  inactive 
(nonttansmitting)  in  a  particular  slot,  as  we  indicated  previously. 
If  the  units  are  half-diqiiex,  diey  can  tecdve  during  the  inactive 
periods;  otherwise,  di^  do  noiihiog.  A  small  summao' of  the 
nomenclature  and  status-classificadon  of  the  units  appears  in 
Hgute  1. 

Hnally,  regarding  the  spreading  code  distribudon,  we 
assume  dito  a  oommoo  code  or  TR-based  code  system,  thus 
mecifi^y  eacluding  RCl^-based  codes  (SoSigdf,  (SuUSS], 
tPunST).  The  inmicadon  is  that  a  TRs  packet  can  br 
mooesifiiOy  received  by  more  than  one  RCVR,  although  it  could 
potendally  oontribuK  only  one  unit  to  the  total  success  (or 
throughput)  count  We  have  termed  such  scenario  comperMve 
to  account  for  the  TRs  ’effort”  to  secure  some  RCVR's 
attentiott.  This  is  in  contrast  to  the  poired-o# scenario  (which 
can  be  thought  of  as  a  simultaneous  TR  and  RClVR-based 
system)  whm  TRs  and  RC^VRs  form  disdnet  pain  and  suffer 
only  frm  secondaiy  muld-uteriatetfesenoe  ({dus  Janaoing),  but 
whm  RCVR-atteodon  is  wannnted  for  each  indMdual  privet. 
Wewillsbowoomparisonsbetweentheoompeddveandpaited- 
off  cases  within  the  jamming  fiamewetk  in  section  5. 

Let  us  now  proceed  with  the  development  of  the  dedicated- 
unit  jamming  model;  the  half-duplex  case  will  just  be  an 
appropriate  modifkation  thereof. 


3.  Jamming  of  Dedkatcd-Unlt  Networks 

Let  us  consider  an  aibletnty  topology  involving  Nr  fixed 
uansmitteti  and  Ng  fixed  reoeiven  under  the  afotemeatiooed 
probabilistic  tyttanetry  condition.  We  adopt  the  following 
probabilistic  model  for  the  jamming  action:  the  aloitod  timing  it 
perfectly  known  to  the  januner,  so  that  perfect  uot 

uote'd^fudth  in  a  way  similM^tofn^rS?]).  IhTjim^ 
petfonais  an  independent  piobabilisdc  action  on  a  slot-by-tlot 
bu’s.  In  each  slot,  a  random  number  of  receiven,  hU,  it 
selected  for  jamming  out  of  the  Ng  total  The  selection  cd  the 
specific  jammed  subnet  it  independent  from  tlot-to-slot,  to  that 
no  memory  can  be  exploited  bytheutert  Note  that  the  Jammer 
knows  exactly  the  location  of  me  dedicated  receiven.  Also,  the 
jamming  pattern  la  assumed  independent  of  the  channel  state 
(e.g.,  the  number  of  backlogged  uaen),  a  realistic  scenario  fora 
rapdly  changing  eovinmmeot.  However,  extensions  to  a 
cbanoel-dqieMeot  scheme  would  also  be  of  interest,  possibly 
necessitating  a  diffeieot  probabilistic  jamming  model  than  the 
one  herein. 

A  patticular  topolo0-telective  jamming  sttate0  manifests 
itself  in  the  way  tire  M{jammed  receivers  are  selected.  If  we 
define  the  bina^-valued  r.v.'s  i«l,...,Ng  u 

;  1 1,  if  RCVR|  is  jammed 

^  ”  1  0,  otherwise 


Pip  ~ 


Ae{i4} 


Nr 


(3) 


signifying  the  average  fraction  of  jammed  RCVRs  and  (b)  the 
jamming  power  per  attacked  RCVR  per  slot,  Jrcvr.  assumed 
fixed  throughout,  which  relates  to  the  average  jamming  power 

J,v  as 


3rcvr(Pip) 


(;)•: 


(4) 


In  the  following  analysis  we  shall  assume  that  the  jammer  is 
average-power-limitM,  i.e.,  Jt,  is  constant  and  given.  Thus, 
varying  the  spatial  dufy  factor  induces  the  classical  tradeoff 
between  percentage  of  jammed  RCVR’s  versus  the  power  Jrcvr 
(Pip)  directed  to  each  one  of  them.  The  functional  dependence 
of  equation  (4)  on  p,pis  meant  to  enhance  this  point 

Definition  (2)  is  fairly  Mcral  and  can  serve  as  a  starting 
point  for  different  probabilistic  jamming  options.  Here,  we 
focus  on  two  special  cases  which  we  shall  call  scenario  land  2, 
respectively: 

Seerinrio  1:  Each  RCVR  is  jammed  with  probability  pj, 
indqieodent  of  any  other  RCVR.  Then, 

mA'-g]  -  pfid-p/K'^  (5) 

where  £a|  >  m|[(g)  is  the  standard  Hamming  weight  of  the 
binary  vector  g.  Note  that  ml  GO  >s  simply  the  value  of  the  r.v. 
MJ[  in  that  slot  Consequently,  £{Mj[)  'PiNg,  which  simply 
implies  from  (3)  diat 


Pl  (Scenario  1) 


(® 


Scenario  2:  The  number  of  BCVR’a  jammed  is  fixed  to  NJ[  (a 
given  constant),  although  the  specific  subset  changes  randomiy 
every  slot.  Then, 


PrU'-ll' 


• 

fNg) 

e 

Nit 

^  J 

J 

0 

,  ifmi(g)-N{i 


,  otherwise 


U) 


regardless  of  the  exact  location  of  Tain  g  Cleariy, 

Njt 

Pip  -  —  (Scenario  2)  (g) 


then  we  can  quantify  topological  selectivity  by  the  joint 
probability  mass  distribution  function 

Pr[A'  -  •]  -  Pf[A{  -  a, . %  J  (2) 

where  aioOorl;isl,...,NR.  Thus,  the  experiment  performed 
tw  the  jammer  consists  of  drawing  a  random  vector  A’  in  each 
slot,  which  then  identifies  the  targeted  RCVR's.  The 
assumption  of  independent  trials  (per  slot)  plus  any  specific 
disuibution  w  per  (2)  completely  determine  the  undwlying 
probability  space. 

Associated  with  the  above  are  two  important  parameters, 
namely  (a)  what  we  shall  call  the  spadai  duty  factor,  p^  defined 
as  (here,  e{*}  stands  for  etqiectatioo)  ^ 


Nr 

Note  that  pn  of  (3)  is  restricted  to  multiples  of  N^‘,  while  p,p 
of  SoenatioTcaa  take  on  any  value  in  (0,1]. 

4.  Performance  Analysis 

A  netwoik  under  the  jamming  model  of  the  previous  section 
can  be  analyzed  by  generalizing  the  conceptt  in  [PoSiS?].  In 
particular,  we  shall  assume  that  the  probabilistic  symmetiy 
conditions  of  the  above  model  are  still  true  and  that  the 
probability  distribution  of  the  number  of  successes  per  slot  can 
be  uniquely  determined,  once  the  number  of  attempted 

transmissions  Mr  ••  m  and  the  specific  jamming  pattern  A^  ■■  A 

are  given  for  that  slot.  We  can  evaluate  the  throughput  P 
(packcts/slot)  u  the  expected  number  of  successful  packet 
transmissions  S,  i.e., 

P  "  £{S)  ■  {£{3|**r*Af}  } 

-|:PrtA'-|]e»j,{e{(s|Mrg))} 

•  £  PtlA’ » l]  £  inp][(ni  J)  fMjfm)  (9) 

where  fwi(m)  is  the composiie  slot  traSic  (Table  l)andp2(mj) 
it  the  pr^bility  of  success  from  a  typical  TR's  viewpoint, 
given  another  (m  - 1)  packets  and  a  specific  jamming  pattern  g  in 
the  slot.  In  diving  (9),  we  have  used  the  fact  that  we  r.v.  My 
(attempted  transmissions)  is  independent  of  A^  since  there  is  no 
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coupling  between  the  users'  and  janun^s  actions  within  a  slot 
Upon  interchanging  the  summations  in  (9)  and  defining  the 
jamming-average  probalnlity  of  success  from  a  TR's  viewpoint, 
conditioned  on  another  (m  - 1)  packets,  as 

pj(m)  =  S  Pr[A'  =  a]  py(m,a)  (10) 

we  arrive  at 

P  =  (11) 

which  is  a  direct  generalization  of  (42)  m  [PoSiS?].  In  order  to 
proceed,  we  need  to  evaluate  pj[(m)  and  fMT(t>)  lot  any 
specific  jamming  strategy  as  per  (2). 


4a.  Evaluation  of  p^(m) 

In  principle,  can  be  evaluated  in  accordance  with 
Proposition  1  of  [PoSi87]  (which  is  quite  general  and  also  holds 
in  this  jammed  scenario)  as 
_  m 

plCt")  = (12») 

•«1 

where 

=  SPr[A'  =  a]p^„j  (12b) 

IS  the  average  (over  the  jamming  Sdategy)  of  the  probability 

PfimA*  “  Pr[s  successes,  given  m  attempted 

transmissions  and  jamming  pattern  A1](I3) 

For  the  nonjammed  scenario,  (PoSi87]  provides  examples  of 
how  to  calculate  p,i„  in  a  variety  of  situations  in  terms  of  the 
number  of  RCVR’s,  their  statistical  deiwndence,  etc.  This  can 
be  a  very  complicated  procedure  for  arbitrary  models:  however, 
a  simplification  occurs  if  one  assumes  that,  conditioned  on  a 
specific  jamming  pattern  in  a  slot,  each  RCVR  accepts  packets 
in  a  statistically  independent  fashion  from  other  RCVR's.  This 
assumption,  which  would  obviously  be  valid  if  receiver  thermal- 
noise  were  the  only  deterrent,  can  be  ar^ed  to  be  numerically 
satisfactory  even  in  the  presence  of  multi-user  noise  because  of 
random  spreading  patterns,  fading,  random  distances,  ground 
propagation  and  formation,  etc.  Then  p,i,„  can  be  evaluated  in  a 
recursive  way  which  we  shall  present  in  the  following  section, 
since  It  is  also  required  in  the  evaluation  of  fasfftn)-  l<t  us  just 

note  here  that,  once  this  evaluation  is  completed,  pj^(m) 
follows  from  (12). 


Under  the  independence  assumption  outlined  above,  a 
shorter  path  for  evaluating  pj(m)  is  as  follows:  Let  pJ(ro,J) 
and  p^(m;J‘)  denote  the  probabilities  that  a  typical  RCVR  will 
accept  a  packet  in  the  presence  of  another  (m  -  1)  contending 
ones,  given  that  this  RCVR  is  jammed  (event  J)  or  not  (event 
J'),  respectively.  Note  that  p*(m;J')  is  identical  to  pj(m),  as 
introduced  in  [PoSi87].  Here,  because  of  the  possible  jamming, 
we  need  to  distinguish  funher  and  define  these  conditional 
quantines.  Then,  using  (10)  and  an  immediate  generalization  of 
Proposition  2  of  (PoSi8'i],  we  gei 


Pm(m))=51  Pr[A^  =  a] 

_ 


=  X  PfK  =  m|i) 

) 


inB»0 


(14) 


where  is  the  Hamming-weight  transformation  (a  r.v.)  of  the 
random  vector  A’'  Note  the  impact  of  the  aforenuentioned 
symmetry  assumption,  which  implies  here  that  all  jammed 
recdvers  suffer  from  interference  of  the  same  average  power. 

To  illustrate,  consider  again  the  two  scetuuios  of  section  3. 
We  immediate^  have  that 

Pt(Mj  =  mJ)  =  A(n4,Ng4)^  ;  scenario  1  (15a) 


and 


Pr(l<  =  mji)  = 


1. 

0. 


ifmi  =  N{, 

;  scenario  2  (ISb) 

otherwise 


which,  when  substituted  in  (14),  yield 


plfm) 


1- 


P,pPj(n':))  +  (l-p,p) 


(  p;(m;J)l 

f  p;(m:J')] 

'-f)p 

m 

.V  > 

m 

(tcentno  1) 

Mr 

(icenmo  2) 
(16) 


It  should  be  kept  in  mind  that  pJ(m;J)  above  depends  on  p,p  via 

the  jamming  level  Jrcvr(Pip).  Note  also  that  the  result  for 
scenario  1  depends  only  on  the  jamming-average  acceptance 
probability 

p>)  =P.pP>;J)  +  (i-Psp)PA(m;)")  (17) 


which  is  an  intuitively  expected  result,  because  RCVRs  are 
jammed  independently  for  this  case.  Obviously,  this  is  not  true 
for  scenario  2. 

For  the  specific  protocol  choice  Po  "  p, = p  (which  can  be 
described  as  "uncontrolled-ALOHA"),  the  composite  traffic 
fM.p(m)  is  simply  the  binomial  distribution  A(m,NT,p), 
regardless  of  any  jamming  action.  For  this  limited  case, 
equations  (11)  and  (16)  suffice  to  determine  throughput. 
The  more  general  and  interesting  case,  however,  is  when^# 
p, ,  which  we  examine  below. 


4b.  Evaluation  of  fMy(n<)  and  p,|p, 

Following  closely  the  steps  in  [PoSi87,  Appendix  A],  we 
can  evaluate  ^(m)  as 

'♦r 

Imj-I™)  “  X  fMyiB>b('’’^6)  (18) 

M> 

where  fMy3.|,(mlb),  the  conditional  composite  traffic  given  b 
backlogged  users  at  the  beginning  of  the  slot,  is  evaluated  from 

fiUjiB.bC'n'b)  •  2  A(m  -  n,  b.  p,)  A(n ,  Ny  -  b.  po)  (19) 

inAx(0.  m  -  b)  £  n  S  inin(Nj  -  bjn) 


with  (pq,  p,)  the  first  transmission  and  retransmission 
probabilities,  respectively.  Note  that  (19)  is  true  regardless  of 
the  jamming  action.  In  (18),  icb(6)  is  the  appropriate  given 
vector  of  the  jammmg-average  matrix  P  =  {  Pjj  ),  i.e.. 


where 


KB(b)  =  itB(b)  P 


Ny-i 

X  A(mo,Ny  -  i,  Po) 
i 

•  X  A(™b.l.  Pr) 
mi,-max(04-j) 


P 


itnio-jimo-Hiib 


(20) 


(21) 
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It  is  clear  &om  (18),  (20),  (21)  that  knowledge  of  the  set 
(  Pifm  }  is  fundamental  in  the  evaluation  of  the  comtrasite 
traffic.  Assuming,  as  in  (13),  that  all  patterns  g  with  the  same 
Hamming  wdgbt  m^(a)  result  in  the  same  we  can  rewrite 

(I2b)as 

(22) 

mi 

In  Older  to  evaluate  p^  we  shall  assume  that  the  Nn 
receivers  operate  independently,  conditioned  on  the  jamming 

pattern.  Let  fR}  =  {rCVR,.,  k=l . m'}and  k 

{RCVRk,  k=mi+l . N^}  indicate  that  jammed  and  non- 

jammed  sets  of  receivers,  respectively.  Let  p^a  generally  stand 

for  the  probability  of  acceptance  from  the  kd>  RCVR's 
viewpoint  Under  the  symmet^  assumption  for  each  of  the  sets 

*•'«*'  itsve  that 


pJ(m;J),  if  RCVRk  6  1^’  (k  S  m*) 
p«(m;J').  if  RCVRit  s  (k  >  m ») 


Note  that,  in  the  present  probabilistic  framework,  which 
individual  RCVRs  belong  to  the  sets  is  irrelevant  and  their 
ordering  can  be  arbitrary;  it  is  the  set  size  m^  «  dim  ^  that 
counts. 

A  recursive  way  to  calculate  p,,^  is  the  following:  let 

Pitoi  m|{  •’’*  »bo''e  probability  of  s  successes,  given  m 

attempts  and  jammed  receivers,  which  is  due  to  the  first  k 
receivers,  k  «  0,...,N(i.  Clearly,  the  sought  probability  is 

s™P>y  P.im.rai  ”  P^2f.ij[- 

f  1  ,  S  »  0 


'  pJ(m;J),  if  RCVRk  e  (k  S  mj{) 
p  *(m:J‘=),  if  RCVRk  e  (k  >  m') 


Note  that,  in  the  present  probabilistic  framework,  which 
individual  RCVRs  belong  to  the  sets  is  irrelevant,  and  their 
ordering  can  be  aibitruy,  it  is  the  set  size  mj  >=  dim  VI  that 
counts. 

A  recursive  way  to  calculate  P^j„^  is  the  following:  let 

P|hn  iiij[  above  probability  of  s  successes,  given  m 

attempts  and  m^  jammed  receivers,  which  is  due  to  the  fust  k 
receivers,  k  ^  0,...,N|t.  Clearly,  the  sought  probability  is 

""P'y  Prtnjni  =  Plhdj- 


'  -I' 

'H  1 0 


0  ,  otherwise 


Now  consider  the  first  receiver  RCVRj.  Then 
1  -  p*’  ,  s  a  0,  m  2  1 

P‘.li.n.i“'  Pa  .  s  »  1.  m  S  1  (24b) 

.0  ,  s  ^  2  or  m  >  0 

where  p*i  has  been  defmed  in  (23)  as  a  function  of  m  and  m^. 

Generalizing  to  the  k'**  RCVR,  we  can  use  a  standard 
combinatorial  method  to  conclude  that 


I  “ 

0  _  otherwise 


Now  consider  the  fust  receiver  RCVR|.  Then 
1  -  pj*  ,  s  »  0,  m  2  1 

P‘.ii,mi“  'Pa'  .  s  -  1,  m  2  1  (24b: 

,0  ,  s  ^  2  or  m  =  0 

where  p^i  has  been  defined  in  (23)  as  a  function  of  m  and  m^. 

Generalizing  to  the  k'h  RCVR,  we  can  use  a  standard 
combinatorial  method  to  conclude  that 


|■-p^)p». 

,  .  [<i-p1‘>*(-4')p1‘]pS! 


+  P^  P,'!:-”  1  s  s  £  min  (m,k) 

0  ,  s  >  min  (m,k) 

(24c) 

The  recursion  stops  when  k  »  N*.  Note  that  two  different 
quantities  will  be  used  in  the  place  of  p^k  above,  depending  on 
whether  k  £  m^  or  k  >  m^.  as  per  (23). 

The  above  recursion  can  be  used  with  any  specific 
jamming  number  mj  to  produce  p,|„  and  then,  via  (22). 
p^m  .  It  is  also  useful  for  calculating  p,|„,  in  a  nonjammed 
environment  (thermal  and  inulti-user  noise  only),  thus 
augmenting  the  theory  of  [PoSi87].  Regarding  our  previous 
two  scenarios,  we  note  that 


Pilm  “P'j 


scenario  2 


+  ^  )  pj*^  P**‘n  *  j .  1  S  s  £  min  (m.k) 

,0  ,  s  >  mm  (m.k) 

(24c) 

The  recursion  stops  when  k  =  Nn.  Note  that  two  different 
quantities  will  be  used  in  the  place  of  p^k  above,  depending  on 
whether  k  £  m^  or  k  >  m J,  as  per  (23). 

The  above  recursion  can  be  used  with  any  specific 
jamming  number  m^  to  produce  p^j^j  and  then,  via  (22), 

p^ .  It  is  also  useful  for  calculating  p,ia  in  a  nonjammed 
environment  (thermal  and  multi-user  noise  only),  thus 
augmenting  the  theory  of  [PoSi87].  Regarding  our  previous 
two  scenarios,  we  note  that 


which  is  a  direct  result  of  (ISb),  (22)  and  (24).  For  scenario  1, 
it  can  be  shown  that  p^„  can  be  obtained  directly  from  the 
recursion  (24)  (i.e.,  substitute  p*  for  p<}0  and  identify 

Pita.mj[  "  P'l™  ^  ****  jkrorotfg-average 

acceptance  probability  pj(m)  of  (17)  instead  of  p**.  This  is 

also  an  intuitively  appealing  conclusion,  in  view  of  the  fact  that 
all  RCVRs  are  mutually  independent  and  statistically  identical 
under  scenario  1,  each  described  probabilistically  by  pj(m) . 

It  is  instructive  to  compare  the  above  analysis  for  topology- 
selective  jamming  with  the  dual  concept  of  temporal  selectivity. 
We  take  this  issue  up  in  the  following  section. 
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4c.  Comparison  with  Temporal  Jamming 

In  our  tenninology,  tenoral  implies  a  pulsed  (blinking), 
two-level  (ON-OFF)  jamming  pattern  which,  when  ON,  covers 
all  local  receivers  under  consideration  with  the  same  power 
Jkcvr-  I-et  Pi  indicates  the  temporal  duty-iactor  of  the  jammer. 
It  represents  the  long-term  fraction  of  time  that  the  jammer  is 
ON,  as  well  as  the  probability  that  a  randomly  observM  slot  will 
be  found  in  the  jamming  state.  As  explained  in  [^Po87],  a 
variety  of  jamming  waveforms  can  be  constmcted  which  have 
the  same  p^,  but  different  sample  paths.  In  essence,  one  can 
vary  the  length  (in  slots)  of  the  ON  or  OFF  sessions  by  different 
proMbilistic  mechanisms,  yet  keep  fixed. 

The  two  extreme  cases,  ftom  a  temporal  variation  or  slot- 
conelation  viewpoint,  art  (a)  a  long-term  jammer,  which  stays 
in  the  same  ON  or  OFF  state  for  very  long  (practically  infinite) 
interv.  's  of  time  and  (b)  a  slot-by-slot  independent  jammer  with 
jamming  probability  p^.  The  mathematical  model  for  (a)  is  that 
of  initially  choosing  between  a  "good"  channel  and  a  "bad" 
channel  with  probability  p,  and  (1  -  p,),  respectively,  and 
staying  there  forever.  In  all  cases,  we  can  express  total 
throughput  as 

P  “  PtPj  +  (l-Pi)Pjc  (26) 

where  the  different  temporal  jamming  strategies  manifest 
themselves  in  the  way  we  evaluate  the  conditional  throughputs 
P]  and  Pjc.  For  the  long-term  jammer,  it  is  immediate  that 

pj  =  S  mpT(m;J)  fMj(m|.7):  ^  » I  or  (27) 

where  the  symbol  J  is  used  as  a  jamming  index;  thus,  (26)  is 
easiiy  evaluated,  virtually  by  analyzing  a  multiple-access  channel 
in  two  different  interference  levels. 

It  can  be  argued  that  (27)  holds  for  all  cases  with  finite 
jamming  block  size,  exactly  as  (26)  does,  except  that  fMi.(m|j/) 
should  be  inteipreted  as  the  conditional  stationary  distritetion  of 
transmitting  users,  evaluated  for  the  sttle-,? slots  only  (J*Jor 
J‘) .  In  other  words,  fMt(oiU)  represents  the  probatnlity  of 
having  ■  m  transmissions  in  a  "typical"  or  randomly-chosen 
slot,  assuming  we  only  look  at  those  slots  of  status  J. 
Unfortunately,  evaluation  of  these  two  conditional  stationary 
distributions  is  not  trivial,  necessitating  the  solution  of  a 
composite  Maikov  chain  of  size  which  grows  very  quickly  with 
Mraplexity;  the  interested  reader  is  referred  to  (PrPo87J.  There 
1^  however,  one  case  which  is  significantly  slinpler,  namely  the 
slot-bv-slot  independent  jamming  of  case  (b)  above.  Then,  a 
little  thought  will  reveal  that 

fn»r(‘n|f)  ■  fstp(«P*)  »  fuj^m)  (28) 

meaning  that  any  slot  is  a  "typical"  slot,  iegaidl*as  of  whether  it 
belongs  to  a  iammed  or  nonjammed  block.  This  it  precisely  so 
by  virtue  of  the  memorylesa  property  of  the  jamming  mechanism 
from  one  slot  to  the  next.  auMtituting  property  (28)  into  (26) 
and  (27)  (recall  that  the  latter  two  equations  hold  for  any 
scenario),  we  arrive  at 

P  «  2  m  pjim)  fa,j(m)  (29a) 

where 

pT(tn)  »  p,pT(m;J)  +  (l-p,)pT(mJ')  (29b) 

is  the  temporal  jamming-average  probability  of  success. 


since  a  substitution  of  (30)  into  (10)  will  immediately  yield 
(29b). 

The  last  step  for  case  (b)  regards  the  evaluation  of  fM^Cm) 
in  (29a).  If  we  incorporate  the  above  conceptual  linkage  of 
equation  (30)  into  the  procure  outlined  in  section  4b  for 
spatial  jamming,  we  ifflinediately  conclude  that  fu^fm)  can  be 
obtained  from  (18)  -  (21),  with  the  temporal  average 

lE^  =  PtP««u+(l-P<)P.in..i<= 

resulting  from  substituting  (30)  into  (22).  This  is  quite  a 
convenient  simplification  which,  as  we  mentioned,  does  not 
occur  for  jamming  patterns  with  slot  memory. 


5.  Numerical  Results 

As  we  mentioned,  our  main  interest  in  this  study  is  the 
topological  aspects  of  the  jamming  threat.  Thus,  in  the 
subsequent  discusfion,  we  shall  assume  some  simple  signal  and 
jamming  formats,  namely  full-band  jamming  (which  can  either 
be  noise  or  spread  tone)  with  (a)  coded  Direct-Sequence  BPSK 
modulation  and  (b)  Frequency  Hopping  MFSK  modulation. 
The  probabilities  of  a  acceptance  p*(m;J)  and  p*(m;J‘)  are  given 

e 

pj(m;^  ”  S  [  /  ]  .?  =  I  or  I* 


for  an  e-error  correcting  code  of  block  length  L  (also  assumed  to 
equal  the  packet  length)  and  hard-decision,  bounded-distance 


decoding.  Here,  is  the  channel  symbol  error  rate, 

given  by  (for  case  (a)) 


where 


Pe,(m:.?)  »  Q 


(33) 


.— Is..  ■  _ 5la«il _ 

y-'  +  (m  -  l)a„.  +  Jrcvr(P.p)/S 


(34a) 


E« 


£bual_ 


N^(m;J')  Y'*-f(m-l)am. 


and 


QCa) 


In  the  above  equations. 


Ob«Ki  S  WsT^^ 


(34b) 


(35) 

(36) 


is  the  time-bandwidth  product  per  baud  or  symbol,  is  the 
input  signal-to-thetmal-noise  ratio  over  the  whole  spread 
bandwidOiWs 


y  S  _  E 

^  No.a,Ws  No.*G|*„j 


(37) 


Equation  (29)  is  formally  identical  to  (10>-(1 1),  the  apparent 
difference  being  that  avenging  here  is  p^ormed  over  tiie 
temportd  profile  of  the  jamming  process,  as  opposed  to  the 
spatial  jamming  profile  of  Section  3.  Therootofthesuniiaiity 
is,  of  course,  the  fact  that  die  jamming  decisions  are  independent 
fiom  slot  to  slot.  Fimhermore,  it  is  not  hard  to  see  that  this 
special  case  of  memoryless  temporal  jamming  can  be 
imcnnulated  in  the  topology-selective  fiamework  by  letting 


PrlA'  =il 


Pi  ,ifai«lforalli 
1-Pi  ,ifai  »0foralli 


(30) 


0  ,  otherwise 


and  Onu  is  the  multiple-access  coefficient,  which  depends  on  the 
cross-cofrels'''jo  between  the  particular  rnultiple-access  codes  in 
use.  The  numerical  results  are  computed  for  Om.  >  1  and  L  > 
1024.  For  the  extended  BCH  code  of  block  length  1024,  the 
number  of  conecuble  errots  e  and  the  coding  nte  can  be 
approximately  related  by  [Rayc81] 


r  2  1- 


lle 

1024 


(38) 


In  Figures  2  through  4,  we  consider  scenario  2  and  plot  the 
normalized  throughput  rp(r)  versus  the  spatial  duty  factor  p„ 
withpgandp^aspatameten  The  ten-error  correcting  code 


I 
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rate  r  =  0.89  is  used.  We  see  that  if  =  13  dB,  the  worst- 
case  pq,  approaches  1  as  p^  and  p,  approach  O.S,  whereas  if 
=  20  dB,  the  worst-case  Pq,  stays  around  O.S  for  pg  and  p, 
less  than  O.S.  These  observations  can  be  explained  as  follows; 
The  multiple-access  (muti-user)  noise  remains  small  in 
comparison  to  the  noise  level,  whenever  G)Mua 
Gt«ui  is  small,  when  the  channel-traffic  is  light  (implying  small 
values  of  po  and  p,).  In  such  an  environment,  the  worst-case 
p,p  is  less  than  one  (i.e.,  selective  jamming)  because  a 
significant  amount  of  power  is  needed  per  targeted  RCVR  in 
order  to  cause  decoding  errors,  despite  the  fact  that  the 
remaining  non-targeted  RCVRs  will  mostly  decode  coirectly. 
For  instance,  at  the  minimum  value  of  Figure  4,  p^(5,I)  = 
1.9  X  lO"*  whereas  pJ^(5J‘)  =  1.  On  the  other  hand,  if  the 
average  multiple-access  interference  is  large  and  is  sufficient  to 
cause  many  errors  on  its  own,  the  jammer  is  better-off  spreading 
the  power  evenly  upon  all  RCVRs  (p,p«l),  bringing  about  the 
most  damage  on  the  total  network  with  the  small  additional 
jamming  power  allotted  per  RCVR.  Of  course,  the  same 
uniform  jamming  strategy  will  be  optimal  for  large  jamming- 
power  levels  regtraess  of  the  muld-user  noise  level. 

In  Figures  2  through  4,  we  show  the  noimalized  throughput 
versus  the  spatial  duty  factor  Pq,,  parameterized  by  pj.  The 
retransmission  probability  p,i$  optimized  for  the  controlled 
protocol  in  these  three  figures.  We  see  that  the  effectiveness  of 
the  worst-case  jammer  is  slightly  reduced  for  many  cases  by 
optimizing  p,. 

In  Figure  S,  we  show  the  normalized  throughput  versus  the 
jammer  spadal  duty  factor  Pq,  with  Po  “  Pr  ••  0.3  for  several 
etror-coirection  code  rates.  In  the  same  figure,  we  also  show 
Ae  normalized  throughput  for  the  paired-off  case.  Norice  that 
Ae  compeddve  scenario  is  mote  robust  agunst  the  worst-case 
jamming  than  the  paired-off  scenario. 


the  transmitted  packets.  The  implicadons  of  such  events  will  be 
analyzed  below. 

We  will  proceed  with  our  analysis  in  two  steps:  first,  we 
discuss  network  performance  when  there  is  only  muld-user 
interference  plus  thermal  noise  (part  6a).  Then,  we  shall  also 
address  the  jamming  case  in  part  6b. 


6a,  Noise-Only  Performance 

When  thermal  noise  is  the  only  deterrent  in  addidon  to  the 
omni-present  muld-user  interference,  then  the  required  analydcal 
expressions  are  a  straightforward  extension  of  the  results  in 
[PoSi87],  with  N^  substituted  by  Mr  as  per  equation  (39).  For 
instance,  the  basic  equation  (4)  of  (PoSi87,  Imposition  1]  for 
die  throughput  P  remains  the  same: 


P  “  ^  ™T  pT  (tnr)  fjrfr  (>»r) 


where  now 


p:(mr)»l-(l-P-^) 


■U-mr 


(40) 


(41) 


assuming,  as  in  [PoSi87,  Proposition  2],  independently 
operating  receivers  and  success  ^r  packet  at  most  one.  The 
analysdc  procedure  for  computing  f),«^  (mf)  via  the  appropriate 
Markovian  model  is  identical  to  (PoSi$7,  Appendix  A],  except 
that  the  fundamental  set  of  probabilities  (Piim^]  should  te 
evaluated  based  on  mR  •  U  -  mj. .  The  recursive  algorithm  of 
section  4b  also  holds,  except  that  the  quantity  Nr  should  be 
simply  substituted  by  mg  which,  given  the  quantity  mj.  in  a 
particular  slot,  can  be  considered  fixed. 


In  Figure  6,  we  show  the  normalized  throughput  versus  the 
jammer  spatial  duty  factor  p,p,  parameterized  by  pg,  for 
Jamming  scenario  I.  The  reuansmission  probability  p,is 
optimized  in  this  figure.  Conqiared  with  Figure  4,  we  see  that 
the  worst-case  jammer  in  scenario  1  is  slightly  more  effective 
than  that  of  scenario  2. 

In  Figure  7,  we  show  the  average  packet  delay  venui  the 
jammer  spatial  duty  factor  Pq,  for  jamming  scenario  2.  The 
controlled  protocol  it  considered  and  the  retransmission 
probatality  is  optimized  in  this  figure. 

In  Figure  8,  we  show  the  normalized  throughput  versus  the 
jammer  spatial  duty  factor  p„  for  a  Frequency-Hopping,  TR- 
based,  multiple-access  netwcM.  We  note  that  certain  constants 
have  been  neglected  in  the  normalized  throughput  rP(r)',  in  other 
words,  this  should  not  be  equated  with  the  system  utilization, 
nor  should  the  Frequency-Hopping  performance  be  compared  to 
the  direct-sequence  one. 

Let  us  now  switch  attention  to  the  non-dedicated  or  half¬ 
duplex  scenario. 


6.  Hatf-Ouplex  Nodes 

The  model  we  consider  here  is  of  the  TR-prlority  type, 
meaning  that  whenever  a  unit  has  a  packet  scheduled  for  channel 
access,  the  transmitter-function  takes  over  and  an  active 
transmission  ensues,  blocking  the  receiving  capability  of  the  unit 
under  consideration  at  that  point  in  time.  If  there  is  no 
transmission  scheduled  for  a  particular  slot,  so  that  the  unit  is 
not  an  active  TR  in  that  slot,  then  it  is  set  in  the  receiving  mode. 
It  follows  that  the  random  numbers  of  active  TRs  (Mj)  and 
active  RCVRs  (Mr)  are  related  by 

Mr  =  U-Mr  (39) 

Note  that  if  U  a  Mr  in  a  particular  slot,  implying  that  all  units  act 
as  TRs ,  then  there  will  te  no  active  RCVRs  available  to  capture 


6b.  Noise  Plus  Jamming 


We  adopt  here  the  same  stochastic,  slot-by-slot  independent, 
topology-selective  januning  model  of  section  3,  Again,  the 
jamming  status  of  the  network  in  a  particular  slot  is  summarized 
by  the  indicator  vector^,  whose  (0,l)-valued  components 
A{  ;  ii>I,..,U  indicate  whether  a  unit  is  jammed  or  not.  The 
jamming  strategy  is  again  manifested  in  the  joint  probability 
mass  distribution  function  (pdf)  Pr[Au"iul<>fAu.  However, 
there  is  a  significant  modeling  difference  in  this  half-duplex  case 
compared  to  the  dedicated-RCVR  case:  we  will  assume  that  the 
jammer  does  not  know  which  units  will  be  the  active  TRs  in  a 
given  slot;  consequently,  he  cannot  know  which  are  the  active 
RCVRs  in  order  to  ttrget  only  those.  This  is  very  different  fiom 
the  previous  case,  where  the  set  of  dedicated  RCVRs  was 
assumed  fixed,  known,  and  exclusively  ta^eted  by  the  jammer. 
In  the  absence  of  sirrular  information,  the  jammer  will  randomly 
select  a  subset  of  units  to  jam  in  each  slot,  despite  the  fact  that 
some  of  that  power  might  go  wasted  on  active  TRs  within  that 
slot.  The  jammer  has  no  alternative  but  to  suffer  this  random 
loss  per  slot.  Of  course,  the  jammer  still  has  at  his  disposal  for 
optimization  the  probabilistic  law  Pr[Au  °  gul,  and  we  examine 
below  this  optimization  aspect. 


The  first  consequence  of  the  aforementioned  modeling 
difference  is  the  fact  that  the  spatial  duty  factor  pq,  of  equation 
(3)  cannot  be  defined  explicitly  here,  simply  because  the  number 
itl  active  RCVRs  per  slot  is  not  fixed  but  random.  Instead,  we 
define  the  half-duplex  spatial  duty  factor  as  the  average 
fraction  of  the  units  jammed  per  slot,  i.e., 


P 


M 

»P 


E{Mi} 

U 


(42) 


where  Mj  is  the  r.v.  signifying  the  number  of  such  jammed 
units  per  slot.  This  quantity  is  a  direct  byproduct  of  the 
stochastic  jamming  law  and  can  be  chosen  by  the  jammer  in  an 
optimal  way.  It  can  be  argued,  of  course,  that  to  every 


20-7 


protobilistic  jamming  choice  (and  its  concomitant  there 
coiresponds  an  <0i!cn't’e  jamming  duty  factor,  which  would  be 
the  average  ftaction  of  the  jammed  active  RCVRs  per  slot.  This 
can  be  computed  after  the  system  of  equations  for  throughput, 
composite  traffic,  etc,  has  b^n  solved  and  the  average  number 
of  active  transmissions  per  slot  has  been  deteimined.  However, 
this  is  an  indirect  result  of  tt<e  total  model  and  not  something  that 
can  be  determined  apriori,  as  p||^  can;  hence,  we  opt  to  express 
everything  in  terms  of  the  latter. 

Again,  a  number  of  different  probabilistic  januning  scenarios 
can  be  devised  which  correspond  to  the  same  value  of  pjj^. 
Presumably,  each  such  scenario  would  produce  a  different 
throughput  for  the  system,  and  an  exhaustive  search  would 
require  optimizing  over  p^  as  well  as  the  underlying  jamming 
However,  in  view  of  the  numerical  conclusion  of  section 
5,  the  difference  in  throughput  between  the  two  scenarios  was 
rather  insigniHcant,  once  the  jamming  duty  factor  was  kept  the 
same.  We  will  only  consider  the  Bernoulli  model,  since  it  is 
somewhat  more  amenable  to  analysis.  Thus,  we  assume  that 
each  unit  is  jammed  vrith  probability  Pj  independently  of  all 
others.  It  follows  that  £(  mJ  )  ■  pjU,  so  that  pj^  «  Pj. 


A  second  major  analytical  consequence  of  the  considered 
jamming  model  is  that  the  jamming  status  of  the  set  of  active 
RCVRs  m  each  slot  is  not  statistically  independent  of  the  number 
of  active  TRs  Mj,  as  in  the  previous  dMicated  case,  simply 
because  Mr  depends  on  Mf  via  (39).  We  must,  therefore, 
rework  the  derivation  of  throughput  in  section  4  in  order  to 
account  for  this  fact 


In  particular,  let  Au.Mydenote  the  jamming  indicator  vectoi 
within  the  random  set  of  Mr  >  U-Mt  active  RCVRs  in  a  slot, 

with  Pr[AM|j»  ImjIMt]  ■  Pr[A{»  S) . au^lMf] 

denoting  the  conditional  tmbability  distribution  function  of  diat 
vector,  given  M^  acdve  TRs  in  the  slot.  Following  the  steps  of 
equation  (9),  we  can  write 

Au-Mf)} 

Nr 

•  £  Pr[A»R”lii.RlMr»mT]pI(mT,a„,) 

(“a’V-^) 

(43) 

where  pj(n>r  is  the  probability  <yf  success  from  a  typical 
TR's  viewpoint,  given  another  (nsf-l)  packets  and  a  ipeciflc 
jamming  pattern  ViR  *■  lu-ar  >0  *  Again,  if  we  define  the 

conditional  version  of  equation  (10),  namely 


we  arrive  at  the  same  equation  (11).  It  follows  that  equatioii 
(12a)  remains  the  same,  where  now 


aii«r 

Furthermore,  utilizing  the  approximation  of  conditional 
indc^iendence  between  RCVRs,  we  arrive  at  a  slightly  modified 
version  of  (14): 


pJ  (>>>7) 

=  5  Pr[K  =  “Rl“T] 

nrjj 

p«(mT;J‘)^”'"T-"R  f  p^mx;!) 

mx  J  V  mx 

(46) 

To  proceed,  we  must  evaluate  the  conditional  quantity 
Pr[v^»  m^|n>r]  in  (46).  For  any  specific  stochastic  jamming 
law,  tids  is  the  solution  to  a  combinatorial  problem  which  can  be 
addressed  with  the  help  of  the  Vennian  diagram  of  Figure  9  and 
the  total-protability  law 

Pr[Mj«  mjimx]  =  X  P'[Mu=  "’il  Pr['nRl'nT.>nu]  (‘*^) 

I 

n't) 

where  Pr[M{)=  m^]  depends  solely  on  the  jamming  stochastic 
model.  Although  this  can  be  a  fairly  complicated  task,  things 
simplify  significantly  in  a  Bernoulli  jamming  scenario,  because 
then 

Pr[Mj[»mR|mx] 

A  (m^R,  U-mx,  p“ )  ;mRSmR»U-mx 

■  (48) 

0  ;  otherwise 

The  combination  of  (46)  and  (48)  yields  an  expression  idcnucal 
to  (16)  for  scenario  1,  except  that  pq,  and  Nr  are  substituted  by 
pj^and  U  -  mx.  respectively.  We  note  that  Scenario  2  would  be 
considerably  mote  complicated  to  analyze,  although  the  basic 
thcoaedcal  path  we  l.<>ve  provided  herein  should  be  adequate  for 
this  task. 

As  we  conclude  in  section  4a,  the  above  resulu  suffice  to 
calculate  the  throughput  in  ( 1 1)  for  case  where  po  ••  p,»p.  The 
nxxe  general  case  Po  #  p,  requires  the  evaluation  of  p,|„,^  and 
f^xfiAx)  as  per  section  4b.  A  careful  review  of  the  analysis 
therein  for  Scenario  1  will  convince  us  that  all  the  algorithms 
remain  intact,  except  that  Nr  should  be  substituted  by  U  - 
mx.  In  other  words,  the  recursion  in  equation  (24)  will  indeed 
pmduce  if  we  replace  p«  ^  by  p(«^  ^  and 

by  Pihvx  •  **  u  we  use  the  average  acceptance  probability 

Pl(“>r)  -  p“pi(i»r;J)  +  (I  -p“) p;(n>rJ') 

instead  of  p**' . 


7.  Numerical  Resulia  for  Half-Duplex  Networks 

The  theory  developed  herein  has  been  applied  to  a  fully- 
connected  network  with  U>10  half-duplex  uniu.  Figures  10 
and  11  show  the  normalized  throughput  r^(r)  versus  the 
jamming  duty-factor,  parameterized  by  the  new-packet 
transmission  probability  Pg.  In  Figure  10,  the  uncontrolled  (pg 
»  p,)  ALOHA  protocol  is  cor.sidered.  In  Figure  11,  the 
controlled  (Pg  1*  l\)  ALOHA  protocol  is  coosideted,  where  the 
retransmission  {uobability  p,  has  been  optimized.  The  system 
parameten  of  b^  figures  are  identical  to  those  in  Figure  4. 

Certain  interesung  conclusions  can  be  drawn  from  these 
figures;  fint,  there  is  again  an  optiirud  which,  for  these 
parameter  values,  is  around  0.8.  Furthermore,  comparing 
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Figures  10  and  1 1  with  Figure  4,  we  conclude  that  half-duplex 
has  consistently  lower  throughput  than  the  full-duplex  version, 
as  expected.  The  throughput  in  Figures  10  and  11  reaches  its 
asymptotic  maximum  at  po  «  0.5  (for  the  whole  range  of  p^); 
in  fact,  no  noticeable  gain  exists  in  the  range  pg  -  0.3  ~  ds, 
particularly  around  the  minimum  value.  The  throughput  for 
the  uncontrolled  protocol  eventually  decreases  as  pg  is  larger 
than  0.6.  This  is  because  when  pg  and  p,  are  large,  only  a  few 
units  can  be  RCVR's;  and  thus  the  throughput  is  reduced.  On 
the  other  hand,  the  throughput  for  the  controlled  and  optimized 
protocol  keeps  increasing  as  pg  increases.  This  is  because  when 
Pg  becomes  larger,  the  corresponding  optimum  p,  becomes 
s^len  and  thus  the  throughput  is  kept  essentially  constant 

In  Figure  12,  we  show  that  the  worst  case  is  a  function 
of  the  signal-to-jammer  power  ratio  when  the  otner  parameters 
are  fixed. 


8.  Conclusions 

The  problem  of  jamming  fully-connected  (XMA  networks 
has  been  addressed  by  devising  appropriate  models  for 
stochastic  jamming  alternadves.  A  pracMure  for  analyzing  the 
throughput/delay  Miformance  of  such  networks  hu  been 
proposed,  and  employed  to  identify  optimal  parameter  values 
both  from  the  users  and  the  jammer's  viewpoint.  The 
optimized  variables  were  (a)  the  spatial  duty  factor  from  the 
jamming  side  and  (b)  the  coding  rare  plus  link-access  parameters 
of  an  ALOHA  protocol,  hom  the  users'  side.  The  Impact  of 
half-duplex  units  versus  dedicated  TRs  and  RCVRs  wu  also 
examine. 


Certain  other  types  of  networks  would  more  or  lets  fit  the 
present  model  and  can  be  analyzed  by  similar  methods,  such  as 
RCVR-based  codes,  buffeted  users,  etc,  Mtior  departures  from 
this  model  which  are  of  interest  are  (a)  multinop  ti^iogiet  with 
end-to-end  performance  meatiues  and  (b)  adaptive  schemes, 
where  both  users  and  jammer  rely  on  channel  observables  to 
adjust  their  strategies.  In  general,  the  superposition  of  CDMA 
techniques  and  jamming  can  be  expecten  to  have  an  impact  on 
the  reliability  of  such  observablet,  which  makes  the  analysis  and 
design  of  these  techniques  an  even  more  challenging  problem. 
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Table  1.  Key  Parameters. 

U  Total  number  of  radio  units  In  the  local  channel  (fixed) 

Nt  Maximum  number  of  potential  transmitters  in  a  slot  (fixed) 
Na  Maximum  number  of  potential  receivers  in  a  slot  (fixed) 

Mr  Number  of  active  transmitters  in  a  particular  slot  (r.v.) 
MaNumber  of  active  receivers  in  a  particular  slot  (r.v.) 

B  Number  of  backlogged  usen  at  the  begintung  of  a  slot  (r.v.) 

Number  of  backlogged  users  retransmitting  in  a  slot  (r.v.) 
Mg  Number  of  new  users  transmitting  in  a  slot  (r.v.) 

S  Number  of  "channel  successes"  in  a  slot  (r.v.) 
fMf(m)  ProblMr  am),  unconditional  pdf 

A(^>  S,p)  Pr{^  successes  in  S  trials), 

binocriial  with  parameterp 
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\jtfenA:  _ 

For  half-duplex  uniia  Y///A  means  RCVR  mode 
while  means  TR  mode 

Figure  1.  General  classiflcation  of  packet-radio 
unit  sutua. 


Figure  3.  Normalized  throughput  versus  spatial  duty-factor 
for  fiill-duplex  units,  scenario  2. 


Figure  2.  Noimaiized  throughput  versus  spatial  duty-factor 
for  fiiU-diiplex  units,  scenario  2. 
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rtcur  p^for  Kvcral  enor-correcUon  codes  for 
jamming,  acenino  2. 


for  full-dupici  units,  scenario  2,  control  and 
optimized  (pj  It  p,). 


Spatial  Duly  Factor 


Figure  6.  Normalized  throughput  versus  the  spatial  duly 
factor  for  full-duplex  umts,  scenario  1, 
control  and  optimized 


k 


i 


- 

Yl,»  -9.0206  dB,  26.0206  dB 

S/(J«/N*)--13dB 

IVcquency  Hopping  Multiple  Access 
16-ary  H^uency  Modulation  (15,9) 
Reed-Solonaon  Code 

NT»Na»I0 

. 

Po“*>5 

Prs»0.4  / 

Po=/3  / 

Po-0-2 

Po»0-l 

'  1 — > — 1 — ■ — t — 1 — 1 — 1 — 

1 — ' — I — • — I — ■ — t — . — I — . — I 
Oh  0.2  0.4  0*  0.$  1.0 


Spatial  Duty  Factor  p^ 

lugure  8.  Normalized  throughput  versus  spatial  duty-factor 
for  fiill-duplex  units,  scenario  1,  control  and 
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Figure  10.  Nomiilized  throughput  versus  spatial  duty- 
factor  for  half-duplea  units,  tcenario  1, 
uncontrolled  (Pj'p  ). 


controlled  and  optimized  ). 
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Figure  1 1 .  Normalized  throughput  versus  ^atial  duty- 
factor  for  balf-duplex  umts,  scenario  1. 
controlled  and  optimized 
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DISCUSSION 


D.YAVUZ 

In  your  generic  development  you  invoked  the  independence  of  "packet 
acceptance"  conditioned  on  a  given  jamming  strategy.  Given  a  "jamming 
type",  the  packet  reception/acceptance  of  the  jammed  modes  will  be  totally 
correlated,  i.e.  no  reception  at  all  for  that  subset  of  modes,  hence  not 
independent !  Could  you  clarify  ? 

AUTHOR’S  REPLY 

Dr  YAVUZ,  what  I  meant  is  that,  once  we  condition  on  a  jammming  pattern 
in  a  specific  slot,  A**  =  a,  then  jamming  is  not  stochastic  for  jjjal  What 
remains  is  randomness  due  to  all  other  nuicauses  (noise,  multi-user 
interference,  fading  etc...).  The  statement  means  that  the  conditional 
acceptance  event  is  independent  from  one  receiver  to  the  other,  due  only  to 
these  other  disturbances.  Unconditional  acceptance  is  highly  correlated,  as 
you  noted  above. 

C.  PHILIPPIDES 

Have  you  considered  encoding  techniques  which  may  be  self  synchronized 
based  on  modulation  character  of  the  transmitting  signal  which  show  channel 
reception  improvement  ? 

And  if  so  have  you  noticed  if  applying  encryption  techniques  minimise 
jamming  of  the  channel  ? 

AUTHOR’S  REPLY 

The  model  is  very  general  with  respect  to  the  particular 
modulation/synchronizaiion/encryption  mecanism  used.  Each  such 
combination  will  induce  a  different  Pr  (packet  acceptance).  The  analytic 
framework  we  proposed  can  be  used  to  study  all  these  combinations  (please 
contact  me  if  that  is  of  interest  to  you !). 
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INTRODUCTION 


In  order  to  gat  a  good  algnal  to  nolae  ratio  at  vary  high  radio  frequanciei 
(higher  than  20  -  40  NBi),  low  noise  aaplifiars  are  often  used.  Such 
aapliCiers  should  have  a  very  low  total  noise  factor  (noise  figure). 

Noraally  it  is  the  noise  factor  of  the  first  stage  of  an  aaplifier  which  is 
decisive  for  the  total  noise  factor. 

Losses  in  a  systaa  will  also  influence  the  noise  factor  of  a  systae. 
Consequently  the  losses  in  cables  and  waveguides  aust  be  taken  into  account 
when  considering  the  total  noise  factor. 

The  theraal  noise  radiation  froa  the  surroundings  aay  increase  the  noise 
teaperature  of  an  antenna.  For  reflector  antennas,  such  as  parabolic 
reflector  antennas,  the  noise  teaperature  is  dependent  on  the  elevation 
angle,  and  also  dependent  on  the  fora  of  the  surroundings,  aountains,  hills, 
buildings,  etc. 

The  aeasureaents  referred  to  In  this  article,  were  done  by  the  Radio 
Interference  Division  in  the  Norwegian  Talecoa. 


TECHNICAL  CONSIDERATIONS 


Figure  1.  Four-terainal  network. 


In  Figure  1  is  sketched  an  eleaent  of  a  coaiiunication  syatea.  The  noise 
factor  F  for  this  two-port  aay  be  defined  as  the  ratio  between  the  signal  to 
noise  ratio  at  the  input,  and  the  signal  to  noise  ratio  at  the  output.  Ne 
then  have: 


F  -  -  -  1. 


where  the  input  signal  power,  P,  is  the  output  signal  power,  P.^  is 

the  noise  power  at  the  input,  and  P,,  is  the  noise  power  at  the  output. 

The  power  gain  of  this  eleaent  is; 


Pi 

and  if  Equation  2  is  Introduced  into  Equation  1,  we  have: 
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r 


1  ^ 

G  P.l 


3. 


that  is,  the  noise  factor  is  inversely  proportional  to  the  power  gain  of  an 
elenent.  This  aeans  that  it  is  necessary  to  have  a  reasonable  gain  in  an 
elenent  when  we  want  a  low  noise  factor. 


figure  2.  Two-ports  in  series. 


When  we  have  several  two-ports  in  series,  the  total  noise  factor  is 
(Reference  1): 


r,  -  1  f,  -  1  r«  -  1 

ft  -  fi  + - +  - ♦ - +  — 

G|  -Gj  Gj  -Gj  -Gj 


4. 


where  f, ,  f, ,  f , , - are  the  noise  factors  and  G, ,  0, ,  G, , - are  the 

power  gains  of  the  alanents. 

If  we  want  to  use  the  formula  on  a  receiving  system,  we  may  have  conditions 
as  indicated  in  figure  3. 


figure  3.  Antenna,  cable,  and  amplifiers. 


In  figure  3,  f.  is  the  antenna  noise  factor.  The  noise  temperature  of  the 
antenna  is  duo  to  the  total  thermal  noise  radiation  into  the  antenna,  and 
there  is  no  gain  (G,  •  1)  concerning  noise  considerations. 

G  is  the  power  gain  of  the  cable  or  waveguide,  that  is,  G,,  is  less  than  1 
which  aeans  attenuation. 

f.  is  the  noise  factor  of  the  cable,  and  is  equal  to  the  attenuation,  1/G, . 
This  nay  be  explained  by  the  fact  that  even  if  the  signal  through  the  cable 
is  attenuated  by  1/G,,  the  thermal  noise  remains  the  same  because  of 
constant  lapadanca. 

f,j  is  the  noise  factor  and  G,^  is  the  power  gain  of  the  first  amplifier, 
f. ,  is  the  noise  factor  and  G, ,  is  the  power  gain  of  the  second  amplifier, 
and  so  on. 

If  we  introduce  these  values  into  Equation  4,  we  have: 


f,  -  1  f.i  -  1  f.,  -  1 

*■  F,  +  — — —  ^  '  +  — — — —  -f —  —  5e 

I  G  G  *0  . 


If  the  cable  attenuation  in  dB  ia  called  we  have; 
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1 

-  10  log  1/Gc  or:  -  - 

10 


and  consequently: 


«c/10 

Fc  -  10 


He  also  have  that  (Reference  1): 


T.  -  (F.  -  DTo 


T.  +  T, 

F.  ”  -  - - -  0- 

To 


where  T,  is  the  antenna  noise  in  ’Kelvin,  T,  is  the  reference  teaperature  in 
°K,  and  r,  is  the  antenna  noise  factor. 

If  the  noise  factors  are  low  and  the  gain  of  the  aaplifiers  is  relatively 
large,  we  aay  with  good  accuracy  only  take  account  of  the  influence  of  the 
first  aaplifiar  on  the  total  noise  factor.  And  if  we  then  use  290*X  (17°C) 
as  reference  teaperature,  we  have  for  the  conditions  given  in  Figure  3: 


T.  +  290  o.,/10  F.,  -  1 

Ft  -  -  +10  -  1  +  - 

290 


10 


:7H5 


F,  - 


290 


+  F.t-lO 


«,/10 


7. 


If  the  low  noise  aaplifier  is  inserted  just  after  the  antenna  as  indicated 
in  Figure  4,  tl.  total  noise  factor  is  (see  Equation  4): 


Ot/lO 

T.  +  290  F.t  -  1  10  -  1 

Ft '  -  -  +  -  +  - 

290  1  G.t 


«./10 

T.  10-1 


Figure  4.  Antenna,  aaplifier,  and  cable. 


in  Figure  5  are  given  curves  for  Equations  7  and  8  for  different  aaplifier 
noise  factors  F.f  G.j  is  here  16  (12  dB).  The  cable  attenuation  a,  varies 
froa  0  dB  to  1.5  dB.  The  antenna  noise  teaperature  is  here  30»K,  which  aay 
be  an  average  antenna  noise  teaperature  in  nordic  countries  for  national 
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broadcasting  satellite  reception  in  the  12  GHs  band  (Reference  2).  Ne  >; 

observe  that  losses  before  the  low  noise  aaplifier  nay  considerably  increase  p 

the  total  noise  factor,  even  if  the  losses  are  relatively  low. 

}" 

Ci 


Especially  when  the  aaplifier  noise  factor  is  very  low  (cooled  aaplifiers), 
for  esaaple  0.1  dB,  losses  before  the  aaplifier  aay  spoil  the  possibilities. 
If  we  have  a  loss  of  0.5  dB  after  the  aaplifier,  the  noise  teaperature  T. 
for  the  systea  is  about  35*E.  But  if  there  is  a  loss  of  0.5  dB  before  the 
low  noise  aaplifier,  the  noise  teaperature  T.  for  the  systea  will  be  about 
70*E. 

This  esaaple  also  Indicates  that  it  is  advantageous  to  use  low  noise 
preaaplifiers  near  the  antenna  when  we  want  to  iaprove  the  signal  to  noise 
ratio  at  the  higher  radio  frequencies.  And  when  the  losses  are  of  the  order 
of  the  order  of  1  dB  in  the  waveguide,  which  aay  often  be  the  situation  at  a 
radio  link  station,  it  aay  bo  aore  advantageous  to  use  an  aaplifier  with 
noise  factor  r,,  »  1  dB  near  the  antenna  than  an  aaplifier  with  r. ,  -  0.1  dB 
after  the  waveguide. 

Until  now  we  have  looked  at  losses  in  cables  and  waveguides.  However,  other 
types  of  losses,  as  for  instance  alsaatcb  losses,  have  the  saae  dsstruktive 
influence  on  the  total  noise  factor. 
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Every  object  brought  into  an  electronagnetlc  field  repreaenti  a  loss.  For 
instance  an  antenna  sub-reflector  in  a  Cassegrain  antenna  (Figure  6A)  is  a 
lossy  aleaentt  and  at  the  saae  tiaa  the  sub-reflector  dlsturbes  the 
electroaagnstic  field.  In  addition  such  a  sub-reflector  it  not  uniforaly 
illuainated,  and  a  part  of  the  energy  passes  outside  the  sub-reflector 
causing  a  reduction  in  the  signal  strength.  Ne  see  here  that  it  is  difficult 
to  separate  between  a  loss  in  signal  strength  and  an  increase  in  theraal 
noise.  But  whatever  the  reason  for  the  losses  or  reduction  in  signal 
strength,  they  have  an  influence  on  the  total  signal  to  noise  ratio. 

An  antenna  with  offset  sub- ref lector,  as  indicated  i  Figure  6B,  will  not 
disturb  the  incoaing  field,  and  the  sub-reflector  aay  be  used  to  get  a 
better  illuainatlon  of  the  antenna  reflector.  However,  the  effect  of  the 
illuaination  factor  of  the  sub-reflector  is  still  there. 

It  is  iaportant  to  gat  the  signal  froa  the  antenna  to  the  low  noise 
aapllfier  without  unnecessary  losses.  For  a  reflector  antenna  it  would  be 
advantageous  to  let  the  signal  go  directly  to  the  waveguide  input  of  the 
aapllfier.  Previously  these  aaplifiers  had  rather  large  diaansions,  and  they 
had  to  be  placed  at  the  rear  of  the  antenna.  Cassegrain  antennas  were 
therefore  wall  fitted  under  such  conditions.  However,  low  noise  aaplifiers 
(and  converters)  are  now  so  snail  that  they  aay  be  placed  in  the  front  of 
the  antenna  without  causing  any  severe  disturbance  in  the  electroaagnetlc 
field. 

An  offset  antenna  aay  use  the  anplifler/converter  directly  in  the  focusing 
area  (Figure  6C),  thus  giving  an  effective  antenna.  However,  we  have  to 
raaenber  that  the  construction  of  an  offset  antenna  reflector  is  acre 
coaplicated  than  that  of  a  parabolic  antenna  reflector.  And  a  siaple 
parabolic  reflector  antenna  with  preaaplifler  gives  so  good  results  that  it 
is  not  so  easy  to  get  higher  efficiency  (illuaination  factor  for  a  noraal 
receiving  parabolic  antenna  is  about  0.5,  aay  be  optiaized  to  0.55  -  0.60). 

There  is  a  type  of  antenna  which  aay  have  higher  efficiency,  naaely  the  horn 
antenna.  The  illuaination  factor  aay  here  be  aore  than  0.7.  Large  horn 
antennas  are  espensive,  and  because  of  the  space  needed  for  such  antennas, 
they  are  used  aostly  in  special  cases.  However,  for  frequencies  higher  than 
about  20  GHz  even  saall  horn  antennas  aay  have  adequate  gain  for  receiving 
systeas. 


Figure  7.  Yagi  antenna  and  parabolic  reflector  antenna. 
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Concerning  the  theraal  noice  coaing  in  to  an  antenna,  the  thermal  noiae 
pattern  for  the  antenna  aay  be  sonevhat  different  froa  the  ordinary  electric 
field  pattern  dependent  on  the  conditionc  at  the  aeacuring  site.  A  Yagi 
antenna  has  a  very  broad  main  lobe  and  the  first  sidelobes  aay  not  be  aore 
than  10  -  IS  dB  below  the  aaksiaua,  as  indicated  in  Figure  7A.  The  noise 
temperature  for  such  an  antenna  in  the  VHF  -  DBF  band  is  therefore  about  the 
sane  as  the  total  noise  temperature  in  the  surroundings  at  these 
frequencies,  that  is  about  300* K. 

In  order  to  illustrate  how  the  total  noise  factor  F^  varies  when  the  antenna 
noise  tenperature  is  300* K,  curves  for  Equations  7  and  8  are  given  in  Figure 
8.  These  curves  are  parallel  to  the  curves  in  Figure  S  (parallel  displaced 
by  300* K  -  30* K  -  270* K). 


Figure  8.  Curves  for  Equations  7  and  8  when  the  antenna  noise  teaperature 
is  300*  K.  (Ewation  7i -  ,  Equation  8; - ). 


Parabolic  reflector  antennas  have  a  very  good  directivity  and  saall 
sidelobes,  and  the  antenna  noise  temperature  varies  with  the  elevation 
angle.  The  noise  teaperature  for  an  antenna  in  the  12  GEs  band  aay  have 
variations  as  shown  in  Figure  9  (Eeference  2).  When  directed  upwards  to 
clear  cold  sky  the  antenna  noise  teaperature  aay  be  as  low  as  8  -  10* E. 
Directed  to  the  horlson,  the  noise  teaperature  of  a  reflector  antenna  aay 
increase  to  about  2S0*K. 

The  curve  in  Figure  9  is  for  flat  earth.  When  there  are  hills,  buildings, 
etc.,  near  the  antenna,  the  conditions  aay  be  changed,  it  has  often  been 
said  that  narrow  beam  reflector  antennas  aay  be  mounted  very  low  near  the 
ground.  This  is  true  when  we  receive  high  signal  intensities.  However,  if  we 
want  to  receive  signals  near  the  noise  level,  we  have  to  carefully  avoid 
additional  noise. 
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Figure  9.  Curve  for  the  antenna  nolaa  teaperatura  at  12  GB». 


Even  if  the  sidelobes  of  parabolic  reflector  antennas  aay  be  aore  than 
20  -  30  dB  below  the  aaxiaua  of  the  aain  lobe,  the  high  intensity  thetaal 
noise  radiation  froa  near  objects  aay  have  considerable  influence  on  the 
total  noise  conditions.  Radiating  objects  in  the  surroundings  aay  be  at 
different  distances,  and  the  influence  on  the  aeasured  noise  pattern  aay 
therefore  be  different  in  different  directions. 


Figure  10.  Influyce  of  buildings  on  the  thetaal  noise 
in  reflector  antennas. 


The  theraal  noise  radiation  froa  buildings  aay  also  reduce  the  signal  to 
noise  ratio.  As  indicated  in  Figure  10,  we  had  about  0.2  dB  aore  noise 
halfway  between  two  buildings  S*  apart  than  at  free  horison.  The  antenna 
used  was  a  l.S  a  parabolic  reflector  antenna,  and  the  elevation  angle  was 
about  10*.  The  noise  factor  of  the  aaplifier/convarter  was  about  1.3  dB. 

0.2  dB  is  a  very  low  value  and  seeas  to  be  of  no  iaportance.  As  aentloned 
before,  that  is  true  when  we  have  high  signal  strengths.  But  when  we  are 
working  at  low  signal  strengths,  very  low  additional  noise  aay  have  soae 
influence,  especially  whan  we  have  signal  to  noise  ratios  near  the  Unit 
between  usable  and  not  usable.  An  when  we  have  a  very  low  noise  factor  in 
the  first  aaplifler,  this  affect  will  be  even  aore  pronounced. 


Figure  11.  Parabolic  re£l«ctor  antenn«»  «t  diff«tent  «lte«. 


HeacureBents  at  two  different  aitea,  aa  indicated  in  Figure  11,  gave  higher 
noiae  levela  in  the  valley  than  on  the  hill,  dependent  on  elevation  angle  of 
the  antenna.  Therefore  it  aay  be  important  to  have  rather  high  antenna  aitea 
when  the  elevation  angle  ia  low.  And  whan  there  are  traaa  in  the 
aurroundinga,  we  have  to  be  aware  of  the  fact  that  treea  alao  are  theraal 
noiae  radiatora. 


KEASUREHENT  OF  TBERNAI.  NOISE  CAUSED  BY  A  BUILDING. 


In  order  to  get  infora«tion  about  the  influence  of  the  surroundings  on  the 
theraal  noise  pattern  of  an  antenna,  the  theraal  noise  caused  by  a  building 
was  aeaaured  at  an  elevation  angle  of  25* .  The  elevation  angle  to  the  top  of 
the  building  was  about  45* .  The  building  and  the  noise  variations  referred 
to  the  aaxiaua  noiae  level,  are  shown  in  Figure  12. 


Figure  12.  Theraal  noise  caused  by  a  building. 


He  see  here  that  the  influence  of  the  building  is  about  2  -  3*  to  each  side 
of  the  building,  and  we  reach  the  ■axlaun  noise  values  when  the  antenna  is 
directed  about  2*  into  the  building. 

He  then  tried  to  find  a  narrow  object  which  could  radiate  adequate  theraal 
energy  to  give  acceptable  distance  between  the  noraal  noise  in  the 
surroundings  and  the  theraal  noise  caused  by  the  object.  In  Figure  13  is 
shown  a  chianey  at  an  industrial  plant.  The  distance  froa  the  antenna  to  the 
chianey  was  such  that  the  horizontal  width  was  less  than  2° .  The  elevation 
angle  of  the  antenna  was  30° ,  and  the  elevation  angle  to  the  top  of  the 
chianey  was  about  50° . 


Aiiauti 


Figure  13.  Heasureaent  of  the  theraal  noise  pattern  for  a  1»5  a  parabolic 
retlector  antenna  at  GHz  using  a  chimiev  as  radiating  source. 


The  relative  noise  pattern  for  the  1.5  a  antenna  is  also  shown  in  Figure  13. 
If  there  had  been  no  Influence  froa  the  surroundings,  the  pattern  should  be 
slaost  the  saae  as  the  noraal  electric  field  strength  pattern  where  the 
sidslobea  are  aore  than  25  dB  below  the  aaziaua  gain. 


INFLUENCE  OF  THE  SUN  COHPAKEO  HITS  KhOIATlON  FBOH  A  BUILDINC. 


In  order  to  get  an  iapression  of  the  influence  of  the  radiation  froa  the 
sun,  the  1.5  a  antenna  was  rotated  around  the  horizon  at  a  constant 
elevation  angle  (about  20°;  at  a  relatively  open  site.  The  sun  was  then  at 
about  35°  elevation  angle.  Alaort  no  change  in  the  noise  level  was  observed 
when  the  antenna  was  rotated  360°. 


The  nixt  ■•••uremant  was  done  when  rotating  the  antenna  aain  lobe  through 
the  Biddle  of  the  tun.  The  alevation  angle  was  than  about  23° .  In  Figure  14 
is  shown  the  relative  pattern  for  the  theraal  noise.  The  increase  in  theraal 
noise  relative  to  the  theraal  noise  at  clear  sky  (and  the  surroundings)  at 
23*  elevation  angle  was  10.1  db.  If  we  coapare  with  the  aaxiaua  theraal 
noise  radiation  froa  the  chianey  in  Figure  13  and  froa  the  building  in 
Figure  12,  the  difference  is  6  -  6.S  dB. 

A  aeasureaent  at  a  very  low  elevation  angle  (:tbout  6°)  half  a  kiloaetre  froa 
a  60  a  high  building,  gave  2.3  db  increase  in  the  received  noise.  These 
results  are  rather  surprising  because  of  the  relatively  high  theraal  noise 
radiation  froa  buildings  and  other  objects. 

If  we  use  Equation  7,  we  aay  find  an  expression  for  the  theraal  noise 
registered  for  instance  on  a  spectrua  analyser.  Ne  will  always  have  a 
certain  loss  between  the  antenna  and  the  first  aaplifier,  and  this  lost  was 
in  the  order  of  0.25  dB.  Referring  to  Figure  3,  we  astuae  that  the 
aapllfication  of  the  pre-aaplificr/converter  is  of  such  a  aagnitiide  (often 
aore  than  50  dB)  that  we  way  i^uuie  i'he  iiulee  factor  of  the  spectrua 
analyser. 

The  noise  factor  of  the  first  aaplifier  was  1.3  dB,  that  Is,  F,|  -  1.35. 

Ne  have; 


T.  o,/10  T.  0.25/10 

F,  -  -  +  F.,  *10  -  -  +  1.35'10 

290  290 


For  aeasureaent  of  the  noise  caused  by  the  sun,  the  elevation  angle  was  23° . 
Froa  Figure  9  we  see  that  the  antenna  noise  teaperature  for  clear  sky  is 
25° X.  The  total  noise  factor  is  then: 


25  0.25/10 

F,  -  -  +  1.35-10  -  1.52  (-  1.8  dB) 

290 


which  corresponds  to  a  noise  teaperature  of  T  -  (F  -  1)T,  -  151°K. 


Froa  F  <•  kTB  we  see  that  the  noise  power  is  proportional  to  the  noise 
teaperature.  If  the  power  is  increased  by  10.1  dB,  the  noise  teaperature  of 
the  sim  aeasured  with  a  1.5  a  parabolic  antenna  should  be  154S°K. 
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If  we  consider  the  radiation  from  the  building  in  Figure  12,  the  elevation 
angle  was  23*.  The  noise  was  increased  by  3.8  dB,  which  aeans  that  the  noise 
teaperature  of  this  building  was  362*K.  The  real  noise  teaperature  of  such  a 
building  is  higher  than  the  absolute  teaperature  for  such  a  building,  which 
noraally  is  290  -  295*K. 

Even  if  we  look  at  the  aeasureaents  for  a  60  a  high  building  at  half  a 
kiloaetre  distance,  we  also  have  a  higher  noise  teaperature  than  the  noraal 
teaperature  of  a  building.  Froa  Figure  9  we  have  that  the  antenna  noise 
teaperature  at  6*  elevation  is  about  60*K,  and  we  have: 


60  0.25/10 

Ft  -  -  +  1.35*10  -  1.64 
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which  corresponds  to  a  noise  teaperature  of  185*X.  2.3  dB  increase  gives  a 
noise  teaperature  of  314*K  for  the  building  half  a  kiloaetre  away. 

It  is  surprising  that  the  radiation  froa  the  tun  does  not  give  aore  than  6  - 
7  dB  higher  noise  level  than  the  noise  radiation  froa  a  building  about  100  a 
away.  However,  the  aeasureaents  ware  done  in  the  autuan  and  at  a  low 
elevation  angle  (23°). 

Relatively  few  aeasureaents  ware  done  concerning  theraal  noise  radiation 
froa  different  object.  The  results  in  this  article  are  only  indications  of 
what  nay  be  expected  under  the  conditions  described. 

The  aeasureaents  described  in  this  article  were  dona  in  the  12  OHs  band.  If 
we  shall  use  higher  frequencies,  the  theraal  noise  will  be  even  aore 
Inportant.  For  exaaple  for  broadband  systeas  in  the  cable-TV  distribution,  a 
frequency  band  in  the  40  GBt  range  aay  be  used.  A  2  GBx  band  in  the  80  GHz 
range  (84  -  86  GHs)  has  already  been  allocated  to  satellite  broadcasting. 
However,  at  such  frequencies  the  noise  factors  for  receiving  equipaant  will 
be  rather  high  until  there  has  bean  soae  developaant  in  these  bands. 

For  instance  the  noise  factors  for  noraal  receiving  aquipaent  in  the  12  GHz 
range  was  about  6  dB  in  1977.  In  1984  a  noise  factor  of  3  dB  could  be 
achieved,  and  now  it  is  possible  to  have  noise  factors  as  low  as  0.5  dB.;  A 
siailar  developaant  is  expected  for  the  higher  frequency  bands. 


CONCLUSIONS. 


It  is  iaportant  to  have  as  low  losses  as  possible  between  the  antenna  and 
the  first  aaplifier  in  a  receiving  oystea.  The  use  of  very  low  noise 
pra-aaplifiers  near  the  antenna  is  advantageous  when  we  want  to  receive  low 
signal  levels. 

The  theraal  noise  radiation  froa  buildings  seeas  to  be  higher  than  indicated 
by  the  absolute  teaperature.  Nhen  working  at  very  low  signal  levels  and  at 
low  elevation  angles,  we  have  to  be  aware  of  the  possibility  of  an  increase 
in  the  theraal  noise  because  of  buildings  and  other  objects  in  the 
surroundings  or  au  the  horison.  Ne  should  also  try  to  have  better  clearance 
angle  to  buildings,  etc.,  than  seen  froa  the  noraal  field  strength  pattern 
for  the  antenna.  This  should  especially  be  taken  into  account  when  it  is 
very  inportant  to  have  low  noise  factors,  as  for  instance  in  radio  link 
systeas  and  in  satellite  receiving  systeas. 
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DISCUSSION 


George  H.  HAGN 

When  considering  the  clearance  of  a  building  or  an  obstacle  one  normally 
computes  the  first  Fresnel  zone  to  check  the  clearance  when  aligning  the 
antenna.  Now  it  seems  that  we  may  have  a  differen!  alignment  rule  required 
when  siting  a  receiving  antenna  for  low  noise  operation. 

Would  you  comment  ? 

AUTHOR’S  REPLY 

The  power  gain  G  (refered  to  an  isotropic  antenna)  of  a  parabolic  reflector 
antenna  is : 

G«5(|)’ 

where  d  is  the  diameter  of  the  antenna  and  is  the  wavelength. 

At  12GHz  (  A  =  2.5  cm)  a  1.5  m  antenna  has  a  gain  of : 

G  «  5(  )’  =  18  000  (=  42.6dB) 

The  angle  from  maximum  gain  to  the  -  3dB  point  of  the  main  lobe  for  such 
an  antenna  is : 

<p  -  A  \j27&h  .  o,6Z° 

2  y  <5 

and  the  angular  distance  to  the  first  minimum  (=  the  angular  distance  to  the 
end  of  the  main  lobe)  is  about  3  times  this  value,  that  is  about  1.8°. 

If  we  look  at  the  radius  h,  of  the  first  Fresnel  zone,  we  have  : 
h, « 

where  r,  is  the  distance  from  the  receiver  to  the  actual  shielding  object.  This 
equation  is  an  approximation  when  we  are  relatively  near  the  receiver  (that 
is,  near  the  receiving  antenna). 

At  for  instance  100m  distance  we  have : 

h,  »  /0.025 . 100  =  1.58  m 

which  gives  an  angle  cp ,  to  the  actual  object  of : 


<:p,  =  arctan  =  0.91° 

^oo 

That  is,  well  within  the  main  lobe. 

In  fact,  a  noise  radiator  at  that  point  will  have  a  rather  high  gain  within  the 
main  lobe. 
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'A^en  we  refer  to  the  strength  of  the  received  signal,  we  may  use  Fresnel 
zone  considerations.  However,  when  we  look  at  the  thermal  noise  coming 
into  an  antenna,  it  may  not  be  sufficient  to  keep  only  the  first  Fresnel  zone 
free.  In  fact,  my  paper  shows  that  especially  when  we  want  to  receive  low 
signal  strengths,  it  may  not  even  be  sufficient  to  keep  the  main  lobe  free 
because  of  high  intensity  thermal  radiation  from  near  objects  into  the 
sidelobes. 


CONTRIBUTION  DES  GAMMES  METRIQUE  ET  DECAMETRIQUE  AU  CONCEPT 
DE  RADAR  DE  VEILLE  :  PERFORMANCES  A  ‘’ITE  BAS  ET  COMPARAISON 
AVEC  LES  RADARS  CLASSIQUES 
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Marc  Lesturfie.  Office  National  d'Etudes  et  de  Recherches 
A^rospatiales,  Chatillon  sous  Bagneux  92322,  France 


££Smi£ 

Dans  le  contexte  du  problime  de  la 
detection  des  cibles  ivoluant  i  basse  altitude, 
et  des  possiblit^s  qu'offrent  des  systbmes 
fonctionnant  en  basses  frequences  (gammes  HF 
et  VHP),  on  prdsente  des  rdsultats  de  modules 
de  la  propagation  H  site  bas  sur  la  terre  et  sur 
la  mer.  Les  performances  theoriques  de  ces 
systimes  nouveaux  sont  compardes  H  celles  des 
systbmes  classiques  fonctionnant  en 
hyperfrequences.  Deux  exemples  (radar  de 
veille  sol-air,  radar  'marine'  d'alerte  precoce) 
illustrent  la  comparaison. 

INTRODUCTION 

L'evolution  du  radar  au  lendemain  de  la 
seconde  guerre  mondiale  a  ete  marquee  par  la 
recherche  de  syslimes  de  detection  alliant 
compacite,  resolution  et  precision  de 
localisation.  L'utilisation  de  frequences  de  plus 
en  plus  eievdes,  les  neccssites  de  traitement  de 
signal  rapide  ont  ete  le  moteur  de  la  recherche 
de  pointe  en  eiectronique  (developpeinent  de 
nouveaux  composants,  essor  de  la 
microeiectronique).  Parallblement  au  contexte 
evolutif  du  radar,  on  a  attache  de  plus  en  plus 
d'importance  aux  contre-mesures,  et  aux 
techniques  de  contre-contre-mesures. 
Neanmoins,  le  problime  de  la  cible  penetrant  It 
basse  altitude,  derriere  un  masque  de  terrain 
conslitue  une  strategic  de  contre-mesure 
eiementaire  et  rdaliste  &  laquelie  les  radars 
classiques  fonctionnant  en  hyperfrequences  ne 
savent  faire  face. 


On  peut  imaginer  pour  pallier  cetle  centre 
mesure  eUmentaire  de  developper  des 
systbmes  de  detection  fonctionnant  dans  les 
bandes  de  telecommunication  (HF-VHF)  qui  ont 
la  propriete  interessante  d'etre  robustes  vis  it 
vis  des  masques.  II  s'agit  de  nouveaux 
concepts  de  radar,  dont  nous  allons  etablir  une 
comparaison  avec  les  radars  de  veille 
classiques,  sur  le  plan  de  la  portee  h  site 

bas.  Trois  exemples  de  dimensionnement  de 
structures  radar  sont  donnes  et  completes  par 
une  synthbse  comparative  de  leurs 
performances. 


PHENOMENES  DE  PROPAGATION 

La  propagation  tropospherique  est  rdgie 
par  plusieurs  phenombnes  dont  les  principaux 
sont  : 

-  la  refraction,  liee  aux  effets  de  gradient 
d'indice 

-  la  reflexion,  liee  h  la  presence  du  sol 

-  la  diffusion  et  la  diffraction  qui  traduisent  la 
contribution  eiectromagnetique  des  obstacles 
(trajets  multiples  ou  fouillis) 

PROPAGATION  A  SITE  BAS 

Le  calcul  du  champ  eiectromagnetique 
rayonne  par  un  doublet  situd  au  dessus  d'un  sol 
de  caracteristiques  eiectriques  donnees,  h 
courbure  spherique  est  un  problbme  ancien, 
aborde  par  Sommerfeld,  Bremmer  et  Wait.[l] 

Le  modble  utilise  prend  en  compte  les 
effets  de  refraction  troposphbriques  (gradient 
d'indice  standard  de  -39.10-*/lcms).  Pour  le 
calcul  du  champ,  on  est  amene  h  distinguer  deux 
zones  physiques  ,  de  part  et  d'autre  de  1'  horizon 
(figure  1)  : 

•  une  zone  de  visibiliie  oh  la  propagation 
est  optique 

•  une  zone  d'ombre,  h  grande  distance  ob  la 
propagation  rbsulte  des  phenombnes  de 
diffraction  sphbrique  et  d'onde  de  surface  (on 
n'envisage  pas  ,  ici,  la  propagation  guidbe  dans 
les  conduits  troposphbrique  ou  ionosphbrique  ) 

L'horizon  radioblectrique  s'exprime  en 
fonction  des  altitudes  des  points  d'bmission  et  de 
rbception  : 

^h(kiii)  ~  V ^^-^ecm)  V  l^-hrCm) 

En  zone  de  visibilitb  (1)  le  champ  blectrique 
rbsulte  de  la  superposition  des  champs  direct  et 
rbflbchi  par  la  surface  ;  des  interfbrences 
apparaissent,  et  sont  d'autant  plus  prononebes 
que  le  module  du  coefficient  de  rbflexion  est 
voisin  de  1.  A  incidence  rasante  ,  en  polarisation 
borizentale,  le  coefficient  de  rbflexion  est  proche 
de  -I,  quelque  soil  le  type  de  sol.  Par  contre,  en 


1 
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polansation  verticale,  il  ddpend  du  type  de  sol  et 
de  la  frequence.  En  particulier  aux  basses 
frequences,  sur  la  mer,  son  module  est  inferieur 
H  1  et  sa  phase  inKrieure  i  180°  de  sorte  que  la 
perte  de  champ  (interference  destructive)  qui 
precede  I'horizon  est  moins  prononcde. 

En  zone  d'ombre  (2),  au  dele  de  rhorizon,  le 
champ  decroit  plus  vite  qu'en  espace  libre,  et  la 
propagation  e  grande  distance,  qui  fait  intervenir 
des  phenomenes  d'onde  de  surface  privildgie 
I'utilisation  de  la  polarisation  verticale  sur  un  sol 
bon  conducteur  (cas  de  la  mer).  Le  modeie 
utilise  calcule  la  serie  des  potentiels  de  Hertz, 
selon  la  mdthode  de  Bremmer  [1,2). 

Aux  distances  voisines  de  I'horizon, 
I'influence  des  diffdrents  parametres  n'est  pas 
simple  e  expiiquer,  car  elle  rdsulte  d'un 
compromis  entre  la  qualite  de  la  propagation 
optique  et  la  qualite  de  la  propagation  dans 
I'ombre.  De  plus,  dans  une  partie  de  cette  zone 
intermediaire,  le  champ  est  calcule  par 
interpolation,  car  les  modiles  des  zones  (1)  et  (2), 
i  leur  frontiire,  peuvent  diverger  et  ne  pas  se 
raccorder. 

Les  figures  2  k  5  presentent  revolution  des 
pertes  de  propagation  par  rapport  i  i'espace 
libre, 

-  il  10  Mhz,  100  Mhz  et  3  Ghz 

sur  la  mer  et  sur  le  sol  (terre)  de 
caracteristiques; 

(mer)  £=  80  (sol)  6=10 
0=4  O=0.0l 

en  polarisation  horizontale  ou  verticale, 
pour  un  doublet  court  devant  la  longueur  d'onde. 
L'emetteur  est  situe  &  30  mitres  du  sol.  La  zone 
d'interpolation  est  repirde  i  I'aide  de  pointillis, 
I'horizon  par  une  fiiche  verticale. 

On  constate  que,  quels  que  soient  le  type  de 
sol  et  la  polarisation  ,1a  propagation  transhorizon 
i  tris  grande  distance  (>160kms)  classe  par 
ordre  d'intdret  dicroissant  les  gammes  HP,  VHP, 
et  hyperfriquences. 

La  propagation  des  hyperfriquences  en  zone 
optique  est  bonne  ,  aux  interferences  pris  (  dont 
I'influence  es*,  pratiquement,  attinuie  par  les 
effets  de  diffusion  ).  A  la  limite  (cas  de  I'optique) 
la  propagation  est  parfaite  jusqu'i  I'horizon,  et 
nulle  au  deli. 

L'utilisation  de  la  gamme  HP  sur  la  mer,  en 
polarisation  verticale  (polarisation  requise  pour 
satisfaire  au  mieux  les  conditions  jiux  limites  i 
I'interface  conducteur)  est  prometteuse  en  de(i 
et  au  deli  de  I'horizon. 

En  gamme  VHP  la  propagation  avant 
I'horizon  est  moins  bonne  qu'en  bande  S, 
meilleure  au  deli.  Aux  distances  moyennes 
(<1S0  Icms)  la  propagation  sur  la  terre,  est 
meilleure  en  VHP  qu'en  HP 

Quelques  applications,  dans  le  domaine  des 


communications  corroborent  ces  proprietis  : 

-  liaisons  "i  vue",  faisceaux  hertziens 

-  communications  marines  :  MF-HF 

-  communications  sol  /  sol  :  VHP 

Ce  dernier  exemple  risulte  igalement  d'un  choix 
faisant  intervenir  la  robustesse  d'une  liaison  vis  i 
vis  des  masques  de  terrain  ou  obstacles 
macroscopiques,  dont  nous  allons  maintenant 
dvoquer  I'influence.. 


DIFFRACTION  PAR  DES  MASQUES 

Lorsqu'un  obstacle  intercepte  I'ellipsoide  de 
Fresnel  d'une  liaison  digagde  entre  deux  points, 
la  propagation  se  trouve  attinude  (figure  6)  . 

La  moddlisation  du  champ  dlectrique,  dans 
I'ombre  d'un  obstacle  tel  qu'une  colline  ou  une 
vallde  encaissde  est  complexe  .  II  est  possible 
d'obtenir  des  ordres  de  grandeur  du  champ 
rayonnd  en  considdrant  le  cas  du  diddre  semi- 
infini,  dont  la  solution  rigoureuse  est  due  ll 
Sommerfeld.  11  existe  dgalement  une  solution 
approchde,  qui  est  la  solution  de  I'optique, 
inddpendante  de  la  polarisation,  et  qui  est 
relativement  proche  des  rdsultats  de  mesure  de 
champ  effectudes  sur  la  terre.[3] 

Le  champ  refu  par  un  rdcepteur  est  donnd 
en  amplitude  et  en  phase  par  I'expression  simple 


|=/;ei-^«.dt  oil  v  =  h'^/|'^JTj; 
avec  ; 

Eo  =  champ  d'espace  libre 
longueur  d'onde 
h  =  altitude  de  I'obstacle 
dl=  distance  dmetteur-obstacle 
d2=  distance  rdcepteur- 

obstacle 

Les  figures  7,8,9  prdsentent  la  rdpartition 
du  champ,  rapportd  au  champ  d'espace  libre  ,  it 
10,i(X)  Mhz  et  3  Ghz.  Les  basses  frdquences  sont 
avantagdes.  Aux  trds  hautes  frdquences,  le 
champ  dans  I'ombre  de  I'ardte  est  ndgligeable. 


ArPLlC.:tTIONS  RADAR 


Les  performances  en  ddtection  des 
systdmes  radar  sont  ,  dans  le  cas  gdndral, 
complexes  k  dvaluer  :  outre  la  qualitd  dc  la 
propagation  elles  font  intervenir  le  niveau  de 
S.E.R.  (section  efflcace  radar)  des  cibles,  le  facteur 
de  bruit,  le  type  de  traitement  .... 
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En  I'absence  de  brouilleur  les  performances 
en  detection  des  systbmes  radar  sent  donndes 
par  I'expression  du  rapport  signal  i  bruit 
£nerg£tique  : 

S  _  Pni.T.Ge.Gr-li2£.L2 
B  ~  (4.n)3.D'*.F.KTo 

Ptn  =  puissance  moyenne  ^mise 
T  =  dur£e  d'intigration 
X.  =  longueur  d'onde 
Ge,Gr=  gain  des  antennes 
D  =  distance  radar-cible 
F  =  facleur  de  bruit  radar 
KTo  =  -204  dBJoules 
£  =  S.E.R.  de  la  cible 

L  =  penes  de  propagation 


DIAGRAMME  DEC(MA!EB.'IURE 

Dans  le  but  d'isoler,  dans  un  premier  temps, 
I'impact  des  effets  de  propagation  a  site  bas  sur 
les  systimes  de  veille,  nous  considdrons  une 
classe  de  radars  possddant  une  portde  en 
espace  libre  de  400  kms. 

Pour  une  altitude  h  donnde,  on  recherche  la 
distance  O  telle  que 

ID/Do12  =  L[D,h,f,e,a] 

L  =  penes  de  propagation 
h  =  altitude  de  la  cible 
avec  Do  =  ponde  espace  libre 

f  a  frdquence  d'dmission 
e  =  permittivitd  du  sol 
o  =  conductivitd  du  sol 

DETCCnON  AU  DELA  DE  LTORIZON 

Les  figures  10  k  13  prdsentent  les  diagrammes 
de  couverture  pour  trois  frdquences,  sur  terre  et 
sur  mer,  en  polarisation  horizontale  et  verticale. 
La  courbe  en  pointilld  reprdsente  la  limite  de 
visibilitd  (horizon) 

En  polarisation  verticale.  I'explicaiion 
physique  des  phdnomdnes  qui  conduisent  it  ces 
diagrammes  de  couverture  est  simple.  Plus  la 
frdquence  d'dmission  est  basse,  plus  importanis 
sont  le  couplage  et  le  transfer!  d'dnergie  avec  le 
sol.  Si  de  plus,  I'impddance  de  surface  est  faible, 
alors  cette  dnergie  communiqude  au  sol  sera 
propagde  (par  onde  de  surface)  avec  une 
dissipation  (pertes)  faible. 

Sur  mer  (figure  10)  ces  deux  propridtds 
sont  verifides  it  10  Mhz  et  conduisent  it  une 
ddtection  au  delk  de  I'horizon  envisageable 
jusqu'i  160  kms.  Par  contre  en  VHP  (100  Mhz), 
le  couplage  subsiste  mais  I'impddance  de  surface 
augmentant,  la  dissipation  dans  le  sol  devient 
importante  et  les  propridtds  de  ddtection  d  site 


bas  qui  en  ddcouient  sont  mauvaises.  Lorsque  la 
jfrdquence  augmente  encore  (3  Ghz  par  exemple) 
le  couplage  avec  la  surface  disparait  et  la 
propagation  en  degh  de  I'horizon  s'amdliore  :  la 
portde  radar  devient  alors  voisine  de  la  portde 
optique.. 

Sur  le  tal  (terre,  figure  11)  de  faible 
conductivitd  les  ondes  de  surface  -dont  la 
dissipation  est  excessive  -  sont  inexploitables, 
aux  trois  frdquences  considdrdes  ;  tout  couplage 
avec  la  la  surface  s’avfcre  ndfaste  .  Notamment 
en  HP  la  portde  radar  est  trds  infdrieure  i  la 
portde  optique.  Le  couplage  disparait  dfes  que  I'on 
utilise  la  gamme  VHF  :  h  100  Mhz  on  rejoint  (et 
ddpasse  mdme  trds  Idgfcrement  -  par  le  jeu  de 
coefficient  de  rdflexion  en  phase  avec  le  trajet 
direct)  la  courbe  de  couverture  optique  (horizon). 
Le  comportement  des  radars  opdrant  en 
hyperfrdquences  est  proche  de  I'optique 
ddtection  assurde  thdoriquement  jusqu'h 
I'horizon,  si  la  frdquence  tend  vers  I'inEni. 

Enfin  en  polarisation  verticale,  on  peut 
observer  des  fluctuations  en  fonction  de  la 
frdquence,  de  la  portde  autour  de  I'horizon, 
fluctuations  qui  apparaissent  par  le  biais  des 
coefficii-.nts  de  rdflexion.  Les  schdmas  de  la 
figure  14  rdsument  la  philosophie  de  I'dvolution 
de  la  ddtectabilitd  k  site  bas  en  fonction  de  la 
gamme  de  frdquence  retenue. 

En  polarisation  horizontale  (figures  12  et 
13)  aucun  couplage  bdndfique  n'est  k  attendre  du 
sol  ou  de  la  mer.  La  couverture  limite  est  la 
couverture  optique,  atteinte  thdoriquement 
lorsque  la  frdquence  tend  vers  I'infini. 


DETECnON  DERRIERE  UN  MASfflJE 

La  figure  IS  prdsente  la  couverture  radar,  dans 
I'ombre  d'une  ardte  de  400  mdtres  de  haut, 
situde  en  vue  du  radar,  k  80  kms.  Les  frdquences 
basses  (gammes  HF  et  VHF  )  sont  privildgides. 


DIMENSIQNNEMENTPES  RADARS 

Jusqu'k  prdsent  nous  avons  ddcrit 
I'influence  de  la  propagation  sur  les  portdes  des 
radars  k  I'dgard  de  cibles  dvoluant  k  basse 
altitude,  en  fonction  de  la  gamme  de  frdquence 
de  fonctionnement,  pour  une  portde  'en  espace 
libre'  donnde. 

En  fait,  I'analyse  des  performances  des  systdmes 
en  fonction  de  leur  frdquence  d'dmission,  pour 
dtre  objective,  doit  inclure  dgalement  la  variation 
d'autres  paramdtres  .  contenues  dans  I'expression 
du  rapport  signal  k  bruit  dnergdtique  ; 

S  Pm-T.GeGr.k^.I.L^ 

B  (4.11)3 .iy*.F.KTo 
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Outre  le  facteur  en  qui  favorise  I'atiUsation 
des  basses  frequences,  {'expression  fait 
apparaitre  diffdrents  termes  dont  la  nature  et  les 
valeurs  different  selcn  la  gamme  de  frequence 
utilisee: 

-  la  durie  d'intitration.  lorsqu'on  effectue  un 
traitement  doppler  coherent  la  duree  maximale 
d'integration  cohdrente  varie  en  V  f  ;  en  effet  le 
residu  de  phase  lie  au  mouvement  de  la 
cible  et  non  compensd  par  le  traitement  doppler 
s'ecrit  a  I'ordre  2  : 

Be  =  2.x.f.p(V,r)  t2  (p  fonction 
scalaire  de  V  vitesse  de  la  cible,  r  acceleration) 

Ainsi,  typiquement,  la  durde  limite  d'ntegration 
coherente  sera  de  : 

-  quelques  dizaines  de  mihsecondes  en 
bandes  L,S,C 

-  quelques  centaines  de  mihsecondes  en 

VHF 

-  de  I'ordre  de  la  seconde  en  HF 

Par  ailleurs  les  radars  fonctionnant  en  gammes 
HF  ou  VHF  ne  possident  pas  d'ambiguitd 
doppler-distance  (les  dopplers  maximum 
observables  dtant  toujours  infBrieurs  h  la 
frequence  de  repetition  des  impulsions) 

lea  pains  des  airUns  sont  lies  aux  surfaces 
d'antennes  physiques;  aux  grandes  longueurs 
d'onde  on  utilise  des  rdseaux  phases  plus 
encombrants  que  les  antennes  hyperfrequences, 
mais,  en  revanche,  moins  vulnerables  (la 
destruction  partielle  du  rdseau  n'entrainant  pas 
la  supression  totale  des  performances). 

•  le  facteur  de  bruit  du  radar  F  depend  de  la 
qualite  des  chaines  de  reception  et  du  niveau  du 
bruit  atmospherique  ambiant.  Dans  les  gammes 
radar  classique  le  facteur  de  bruit  (de  I'ordre  de 
S  it  10  dB)  est  lie  au  deux  phenomBnes.  Aux 
basses  frequences  il  est  donne  par  le  facteur  de 
bruit  atmospherique,  qui  domine  :  de  i'ordre  de 
25  I  30  dB  en  gamme  HF. 

-  les  penes  de  propafation  dependent,  comme 
etudie  precedemment,  de  la  frequence  et  de  la 
configuration  choisies  (polarisation,  type  de  sol) 

-  la  section  efficace  radar  (S.E  R.l  est  un 
paramBtre  qui  depend  de  la  geometrie  et  de 
I'attitude  de  la  cible,  et  de  la  frequence 
d'emission.  On  distingue  en  general  trois  zones 
de  variation  de  la  S.E.R  en  fonction  des 
dimensions  relatives  de  la  cible  par  rapport  ^  la 
longueur  d'onde  (rapport  a/X  ),  En  zone  de 
Rayleigh  (a/X«1,.  typiquement  les  'petits'  avions 
en  gamme  HF  )  les  niveaux  de  SER  sont  faibles, 
mats  augmentent  avec  la  frequence  En  zone  de 
resonance  (  1<  a/X  <10  ,,  c'est  le  cas  des  avions 
en  gamme  VHF)  les  niveaux  sont  gendralement 
plus  forts,  mais  peuvent  verier  enormdment  en 
fonction  de  la  frequence  (de  I'ordre  de  30  dB)  En 
zone  optique  (  a/X  »1  ,  cas  des  cibies  en 


hyperfrequences)  les  niveaux  sont  de  plus  en  plus 
imprevisibles,  du  fait  de  I'utilisation  croissante 
de  materiaux  absorbents  tendant  e  faire  chuter 
le  S.E.R. 

EXEMP1.ES 

On  ddcrit  deux  exemples  d'avant  projets  de 
radars  fonctionnant  en  basse  frequence  ,  et  que 
Ton  compare  X  un  radar  classique  fonctionnant 
en  bande  S  ; 

-  Radar  'marine'  d'alerte  prfcoce 

-  detection  avion  X  80  kms  (vue  de 
face),  altitude  30m 

-  detection  missile  X  50  kms  (vue  de 
face),  altitude  30m 

-  frequence  =  10  Mhz 

Le  choix  de  la  frequence  resulte  de  la 
modeiisation  du  rapport  signal  X  bruit  (figure  16) 
qui  presente  un  maximum  ,  du  fait  des  effets  de 
variation  inverse  de  la  SER  et  du  facteur  de  bruit 
d'une  part,  de  la  qualite  de  la  propagation  d'autre 
part. 

-  Radar  de  veille  sol-air 

-  detection  jusqu'X  400  kms,  en  vue 

degagee 

•-  frequence  =  100  Mhz 


Le  tableau  suivant  resume  les  caractBristiques 
des  trois  radars. 


-  performances  en  detection  : 

La  puissance  X  emettre  en  VHF  est  plus 
faible  qu'en  bande  S,  pour  la  meme  portee  en 
espace  libre  (400  kms).  Le  radar  VHF  est 
robuste  au  voisinage  de  I'horizon  et  X  regard  des 
cibies  masquBes. 

Le  radar  'marine'  fonctionnant  en  HF  X  de 
bonnes  proprietBs  de  detection  au  delX  de 
I'horizon.  On  peut  envisager  son  utilisation 
comme  sysiime  d'alerte  precoce,  implantB  X  bord 
d'un  navire  . 

.-  performances  en  localisation  • 

En  gammes  HF  et  VHF  la  directivite  en 
gisement  s'obtient  au  prix  d'un  deploiement 
horizontal  trXs  important:  plusieurs  centaines  de 
metres  en  VHF,,  plusieurs  kilometres  en  HF.  Le 
nombre  d'antennes  utilisBe  croit  alors 
considerablement,  X  moins  de  sous  echantillonner 
la  figure  geometrique  de  rdseau  ;  le  rdseau 
devient  alors  lacunaire.  La  directivite  en  site 
risque  Bgalement  d'etre  mediocre  si  le 
deploiement  vertical  des  antennes  du  rBseau  est 
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RADAR 

MARINE 

VHF 

CLASSIQUE 

Bande 

HF 

VHF 

S 

Frequence 

10  Mhz 

100  Mhz 

3  Ghz 

Polarisation 

V 

V 

H  ou  V 

S.E.R.  avion 

0.2  nfi 

10  m^ 

lm2 

Fact,  de  bruit 

30  dB 

10  dB 

8  dB 

Duree  trait^ 

1  s 

0.1  s 

5-10  ms 

T/R 

200^s/3ms 

100ns/3ms 

100ps/3ms 

GAINE/R 

13  dB 

18  dB 

40  dB 

Puiss.  erite 

6  kw 

50  kw 

500kw 

Puiss.  moy. 

400  w 

1.6  kw 

17  kw 

PORTEE 

100  kms 

400  kms 

400  kms 

(It  vue) 
PORTEE 

80  kms 

75  kms 

65  kms 

(30m/sol) 

(s/b) 

(13dB) 

(13dB) 

(21dB) 

DIMENSIONS,... 

Reseaux  d'ar 

tennes 

anienne 

10  emetteurs 

1 0  recepteurs 
150  m 

32  emetteurs 
32  recepteurs 
234  m 

2.3m  3.5m 

RESOLUTIONS 

gisement 

8“ 

2.5'’ 

1.16* 

distance 

qq  10  kms 

qq  100  m 

qq  10  m 

faible.  Le  R.l.A.S.  (4]  -  Radar  d  Impulsion  el 
Anienne  Synthitiques  fonciionnant  en  VHF 
posside  ainsi  des  pouvoirs  de  resolutions 
comparables  H  ceux  des  radars  de  veille 
classiques,  grSce  &  sa  lacunarite  et  au  deniveie 
important  des  antennes  du  re$cau. 

En  gamme  HF  dans  I'application  'marine' 
(ob  Ton  s'est  fixe  un  deploiement  de  150  m,  les 
capacites  de  localisation  sont  mauvaises,  mais  on 
peut  envisager  son  utilisation  comme  systbme 
d'alerte  It  bord  d'un  navire.  En  revanche,  un  plus 
grand  deploiement  (  possible  sur  le  littoral  par 
exemple)  permettrait  d'effectuer  une 
surveillance  'marine'  performante  du  point  de 
vue  de  la  localisation. 

Quant  h  la  resolution  en  distance,  liee  It  la 


bande  du  signal  radar,  elle  est  h  priori  hmitee  en 
HF  du  fait  de  I'encombrement  spectral  (rales 
parasites  et  interferences).  On  peut  neanmoins 
envisager  un  mode  de  fonctionnement  i 
plusieurs  frequences,  emises  simultanement,  aux 
emplacements  clairs  du  spectre. 

-  inigrftonegs  ct.  bipuillagc  : 

Les  radars  operant  aux  grandes  longueurs 
d'onde  ont  des  pouvoirs  de  resolution  angulaires 
moyens  ,  et  per^oivent  done  des  niveaux  de 
fouillis  importants,  notamment  i  site  bas.  Le 
fouillis  de  mer  (application  marine)  et  le  fouillis 
de  sol  (detection  derriere  un  masque,  ou  It  site 
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bas)  d6passent  en  g£n6ral  la  cible  d'au  moins  70 
ddcibels.  L'intdgratinn  doppler  est  indispensable 
pour  isoler  la  cible,  comme  c'est  le  cas  pour  le 
R.I.A.S  ,  notamment  pour  ce  qui  concerne  la 
ditection  des  navires  [S]. 

L'£limination  des  brouilleurs  intentionnels, 
dans  un  contexte  de  centre  mesures  rdalistes 
appliquies  aux  radars  'basses  frequence'  fait 
I'objet  de  traitements  adaptatifs  sur  le  rdseau  de 
reception  .  Sachant  que  le  nombre  de  brouilleurs 
iliminables  est  une  fonction  croissante  du 
nombre  de  capteurs  du  rdseau,  les  systimes 
'basses  frequences'  constituds  d'antennes 
riparties  semblent  avantagds  par  rapport  aux 
systbmes  radar  hyperfrdquences  qui  disposent 
rarement  de  plus  de  trois  antennes.  En  revanche 
les  brouilleurs  'basses  frequences'  sont  plus 
faciles  h  constituer. 


CQMCLiiSIQtt 

Des  systemes  radar  futurs  fonctionnant  en 
gamme  HF  ou  VHP  semblent  prometteurs  vis  h 
vis  des  performances  en  detection  k  site  bas.  De 
plus,  ils  ne  sont  pas  sensibles  aux  absorbants 
utilises  en  hyperfrequences  pour  diminuer  les 
niveaux  de  section  efficace  radar.  Par  contre  les 
performances  de  localisation  ,  pour  dgaler  celles 
des  radars  classiques  requierent  un  deploiement 
au  sol  important.  Certains  traitements  sont 


indispensables  ;  traitement  doppler  coherent, 
traitement  d'antenne  (rdseau).  D'autres 

traitements  ,  specifiques  aux  antennes  rdseaux, 
ouvrent  la  porte  h  un  grand  nombre 
d'applications,  limitees  dans  le  cas  des  radars 
classiques  utilisant  une  antenne  de  configuration 
figee. 

REMERCtEMSIOS 

La  Direction  des  Rccherches,  Etudes  et  Techniques 
a  finance  les  travaux  dont  cette  presentation  est 
issue. 
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Figure  1. Propagation  k  site  bas 
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DISCUSSION 


E.SCHWEICHER,BE 

La  port6e  de  50  km  du  radar  marine  d’alerte  pr^coce  est*elle  valable  pour  les 
missiles  ^  vol  rasant  (sea  skimmers  en  anglais)  ? 

AUTHOR’S  REPLY 

La  portae  est  valable  pour  les  missiles  dvoluant  ^  10  ou  30  m  de  la  surface. 
Les  rdsultats  sur  la  ddtection  de  missile  sont  issus  d’une  moddlisation 
simplibde  de  sa  section  efHcace  radar. 

John  S.  BELROSE 

You  have  presented  classical  groundwave  propagation  curves,  comparing 
lOMHz,  lOOMHz  and  3GHz  for  a  fixed  ground  conductivity  and  dielectric 
constant.  These  parameters  for  land  of  a  particular  type  depend  upon 
frequency.  For  a  detailed  comparison  of  propagation  over  a  particular  terrain 
I  suggest  that  you  should  have  used  the  appropriate  effective  conductivity  and 
dielectric  constant  parameters.  This  would  give  you  different  results.  Have 
you  given  this  matter  consideration  ? 

AUTHOR’S  REPLY 

La  constante  didlectrique  et  la  conductivitd  prises  en  compte  sont  des  valeurs 
moyennes ;  il  est  peu  probable  que  la  variation  de  ces  paramfetres  pour  un  sol 
donn6  soit  significative,  de  lOMHz  ^  lOOMHz ;  par  contre,  la  variation  de 
(  £  ,  (T  )  en  fonction  du  type  de  terrain  (sol  sec  ou  rocailleux)  peut  fttre 
importante,  bien  qu’en  pratique  (ayant  test6  diff^rentes  valeurs  de  (£  ,  yj ) 
pour  le  sol)  on  ne  constate  pas  de  changement  de  comportement  des  courbes 
de  propagation.  Sur  la  mer,  par  contre,  les  effets  de  diffusion/diffraction  par 
les  vagues  dependent  fortement  de  la  frequence  et  requidrent  de  consld6rer 
des  valeurs  de  conductivity  yquivalente  variables  (de  4  ^  1  en  fonction  de  la 
frequence  et  du  vent). 
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coimiiTs 

1.  Intzodactton 

2.  Moaaurlng  Bqulpoaant 

3.  Moaautlng  CondltlonaMnvlronnant 

4.  Moaauronanta  with  Movod  Bocal vor  and  Flxad 
Trannnlttor 

5.  Haaaurananta  with  dtatlonary  Koealvar  and 
tTrananlttar 

6.  Suaaary 


1.  Introduction 

According  to  tha  Inportanoa  of  tha  VBB  Badlo 
ayatom  tha  anany  haa  oonoantratad  anotaoua 
aotlvltlaa  to  raduoo  and  dagrada  tha  ayaton 

rarfomanoa,  Thla  alaotronlo  throat  roaulta 
n  a  nuabar  of  llootronlo  Countar  Maaauroa 
(■CM),  nalnly  In  Intarooptlon  and  Janalng, 
Autoamtloally  awltohod  on  "aatoup  Bacalvara" 
allow  total  aurvalllanoa  of  tha  W-band. 
■aaldaa  paaalvo  aurvalllanoa,  aotlva  Countar 
Maaauraa  oan  follow. 


■aw  raqulraaNnta  «Mza  daflnad  aooordlng  to 
tha  futura  alaotronlo  thraati 

*  laourlty  agalnat 

-  Zntaroaption  and  Oataotlon 

-  Daoaptton 

-  Jaaung 

*  Inprovaaant  and  Upgrading  of 
Coaaunloatlon  Capaolty 

*  Saoura  data  tranaalnalon  for 
Autoaatlo  coanund,  control 
and  Waapon  lyataaa. 

Thaaa  tactical  raqulrananta  raaultad  In 
Invoatlgatlon  of  now  prlnclplaa  and  now 
tachnical  raqulrananta  for  the  aqulpananti 

-  digital  tranaalaalon 

-  digital  voloa  nodulatlon 

-  aacura  coding  nathoda 

-  rrnquanr.y  aoo.ioaic  aathoda 

-  Spraad  .  pactrun  application 

-  anon  ..cion 

Raallaatlon  of  auoh  ayataaa  la  faaalbla. 
Lialta  ara  aat  baoauaa  of  aultlpath  affaota 
and  coaaunlcatlon  capaolty  In  tha  VHP-rangn. 

A  naw  poaalblllty  for  the  future  la  tha 
aalaotlon  of  naw  fraquanoy  rangna.  Bngardlng 
poaalbla  fraa  rangna,  ona  coaaa  up  to  rangna 
blghar  than  lOCHx. 

Ataoapharlc  attanuation  la  a  aaln  faotor 
Influanoing  propagation.  Raaonator  affaota 
load  to  high  value  of  attonuatlcm.  nwra  ara 
aoaa  Maxlaa  and  Hinlaa,  wharo  the  rangaa  of 
ISOBz,  600BZ  and  SSoaz  ara  of  apaclal 
Intaraat. 


In  tha  caaa  of  eoORz,  ataoapharlc  attanuation 
coaaa  up  to  ISdB/ka.  The  additional 
attanuation  aaaantlally  reduce  tranaalaalon 
range. 

Aaaualng  ayataa  valuaa  for  a  tranaaiaaion 
link 

at  •  Or  ■  7dB  Antenna  Gain 
Pt  ■  IW  Tranaalttad  Power 

Pr  «  -POdBa  Bacalver  Sanaltlvlty 

the  range  will  be  only  6S0b.  Including 
rainfall  anaualng  a  rata  of  lOaa/h,  tha  range 
la  reduced  to  520n. 

For  tha  avalutlon  of  BCM  realatanca  of  a 
radio  ayataa.  It  la  naoaaaary  to  conaidar 
aurvalllanca  and  janailng  oondltiona.  Antenna 
gain  of  aurvalllanca  receiving  aquipaaant  la 
aaauaad  to  30di.  fo  dOOBi  can  Me  dntactad 
over  a  dlatanoa  of  about  2000b.  She 
ataoapharlo  attanuation  of  ISdB/ka  at  OOQBz 
la  an  exoallant  aaana  of  aohlavlng  ICH- 
raalatanoa. 

Tha  dOOBz  fraquanoy  band  offar  broadband 
capaolty  and  hlgn  realatanca  agalnat 
Intaroaptlon  and  Jaaalng.  For  aoaa  abort 
radio  nata  eoOHt  la  a  praotloal  aolutlon. 


2.  Haaaurlng  Bqulpaaant 

Tranaalttad  data,  a  paaudo  randoa  nolaa 
anqnanoa  with  length  of  2^*>1  blta,  are  given 
free  a  word  generator,  lit  rata  oan  be 
aalaotad  froa  0,12}Mblt/a  to  Wblt/a.  Iwltoh 
anablaa  to  aalaot  Fraquanoy  Modulation  (FM) 
or  Fhaao  Nodulatlon  (IN).  In  eaaa  of  FM  tha 
Voltage  Controlled  Oaclllator  (VCO)  at  ISOHHi 
la  tuned  by  tha  digital  algnal,  producing  2- 
FSK  Modulation.  For  PN  pbaaa  of  iSOMHa  algnal 
la  awltchad  *90*'.  Modulating  algnal  la 
differentially  coded  to  produce  2>dp8K 
Modulation.  Nixing  tha  ISONHi  band  and 
algnal  of  a  ZONHi  quarts  oaolllator  genaratas 
2  fraquanoy  banda  at  llOMHx  and  170MBs.  Ona 
band  or  both  of  those  bands  can  ba  aalaotad 
for  transalssion,  thus  enabling  fraquanoy 
dlvaralty. 

Tha  if  at  130/170NHX  la  converted  to  30Hx 
using  a  2,a50Bs  phase  looked  oaolllator 
(PU>).  30Hs  band  la  Mixed  up  to  eiOHs.  A 
SIOBs  PLO  la  used  as  local  oscillator.  610Bs 
signal  is  aapliflad  by  a  3>stags  Injection 
looked  aapllflor  with  22dB  gain.  Output  power 
at  antenna  plana  la  about  lOOM. 

Baoaivar  converts  610B*  band  down  first  to 
30Bz  and  second  to  130/170MBS  using  PLOs  at 
frequanoles  SBOBs  and  2,SSaHz.  Tha  If  banda 
at  130NBS  and  170NBs  ara  filtered,  aapliflad 
and  llaltad.  A  nuabar  of  filters  anablaa 
selection  of  narrow  bandwidth  In  case  of 
bitrataa  <  8Nblt/s.  Aftar  daaodulatlon, 
ba*a)>and  signals  can  ba  selected  and  In  case 
of  F8K  also  coMblnad.  Analog  baseband  signal 
la  converted  to  digital  level  and  In  caaa  of 
DP8K  differentially  decoded.  At  video  outputs 
of  Halting  If  aMpliflars  If-powsr  can  ba 
Measured. 


3.  Measuring  CondltlonsXEnvlronnent 

Received  signal  power  and  bit  errors  are 
measured.  In  time  slots  of  10ms  bit  errors 
are  counted  and  If  video  signals  are  A/D- 
converted.  Results  are  transferred  to  a 
personal  computer  (PC).  Stored  data  can  be 
computed  by  the  PC  giving  signal  to  noise 
ratio  (S/H)  and  bit  error  rata  (PER).  Data 
can  be  accessed  to  statistical  software. 

Measurement  agulpement  consist  of  transmitter 
and  receiver  located  In  two  vehicles. 
Measurements  result  stationary  or  with  slowly 
moved  receiver  In  different  environments. 
Roads  with  vegetation  on  both  sides  and 
forest  roads  are  main  selected.  Distance 
between  transmitter  and  receiver  Is  varied  to 
about  400m. 


4.  Measurements  with  Moved  Receiver  and  Fixed 
Transmitter 

In  the  first  test  configuration  both  vehicles 
were  on  a  street  without  special  obstacles 
(line  of  sight).  Driving  one  vehicle  away 
from  tha  other,  variations  of  field  strength 
were  measured.  Variations  cons  up  to  nearly 
30dB  (fig.  1).  Tha  distance  between  adjacent 
minima  and  maxima  beccma  larger  with  larger 
distance. 

The  signal  to  noise  ratio  and  the  bit  error 
rats  as  function  of  distance  are  shown  In 
fig.  2.  Two  lines  of  3/N  apply  to  if  130MRZ 
and  If  170HHX.  Bit  error  rate  Is  increasing 
at  tha  minima  of  S/M. 

rig. 3  and  fig. 4  show  the  results  of 
measurements  with  FSK  and  DP8K  at  a  bit  rate 
of  8Hblt/a.  For  oomparlson,  theoretical 
values  are  outlined  with  a  parameter  o.  The 
parameter  c  Is  defined  as  the  relation  of 
direct  rsculved  signal  energy  to  the  mean 
square  value  of  multipath  signals,  according 
to  models  of  RICE-fadlng. 

This  gives  c  •  0  no  direct  signal 

c  •  am  no  multipath  signal 


Tha  measured  BER  (steady  movement  of  one 

vehicle)  shows  following  results: 

-  at  high  value  of  S/R,  mean  BER  Is  In  good 
agreement  with  RICE-fadlg. 

-  at  low  value  of  S/H,  BER  exceed  the  values 
of  RALEIGE-distrlbutlon.  Additional  errors 
may  be  caused  by  Intersymbol  Interference 
which  Is  not  Included  in  tha  models. 

-  DPSK  results  In  better  BER  than  FSK. 


On  grass  dlrsot  raosivad  signal  is  main  part 
of  received  signals.  According  to  Influence 
of  grass  only  diffusa  raflaotion  Is  added. 
Tha  results  on  grass  are  shown  In  fig. 5  and 
6: 

-  8/R  values  are  more  concentrated 

-  BER  are  much  better  and  in  good  accordance 
to  theory. 


5.  Measurements  with  Stationary  Receiver  and 
Iransmlttar 

Varatlons  of  received  signals  on  roads  with 
vegetation  on  both  aides  are  measured.  Fig.  7 
shows  a  partition  of  this  measurement. 

In  flg.S  results  of  amplitude  variations  are 
drawn  to  a  Normal  Probability  Plot.  Normal 
probability  results  to  a  straight  line  In 
this  plot.  Distribution  of  amplitudes  are  In 
good  agrsemant  to  a  Normal  Probability. 


6.  Summary 

This  paper  dssorlbed  measurement  equlpement 
for  SOOHs  propagation  measurements. 
Experimental  results  have  been  presented. 

Results  of  propagation  aeasuraments  were 
helpful  designing  a  SOOBs  radio  system.  The 
experimental  program  was  sponsored  by  Oerman 
Military  Authorlthles. 
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DISCUSSION 


ICAFUERXER 

Did  you  measure  the  impulse  response  of  the  channel  ? 

AUTHOR’S  REPLY 

Impulse  response  was  measured.  Resolution  of  measurement  system  was 
given  to  delayed  signals  with  ^  1  s  delay.  No  amplitudes  of  interest  were 
found  in  the  upper  delay  spectrum. 

E.SCHWEICHER,BE 

Is  the  ILO  at  61GHz  using  a  Gunn  diode  and  an  Impatt  diode  connected 
through  a  circulator  ? 

AUTHOR’S  REPLY 

Gunn  diodes  are  used  in  each  of  the  3  stages.  Last  stage  is  a  2-diodes 
configuration. 
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UTILIZATION  OR  REDUCTION  OF  THE  EFFECTS  OF  SEA  CLUHER  FOR  REAL  AND  SYNTHETIC 
APERTURE  POLARIHETRIC  RADARS 

Ezekiel  Bahar 

Electrical  Engineering  Department 
University  of  Nebrasita—LIncoln 
Lincoln,  Nebraska  68588-0511  USA 


Abstract 

The  presence  of  clutter  In  radar  signals 
received  over  the  rough  sea  surface  presents 
radar  engineers  with  a  dual  challenge.  It  can  be 
exploited  to  obscure  the  radar  signature  of  a 
friendly  target.  However,  when  the  detection  of 
the  target  Is  essential.  It  is  necessary  to 
devise  means  to  minimize  the  effects  of  sea 
clutter  on  target  Identification, 

Central  to  the  objective  to  exploit  or 
suppress  the  effects  of  sea  clutter  Is  the  need 
for  a  comprehensive  radio  wave  scattering 
theory  that  can  be  applied  to  surfaces  (such 
as  the  air-sea  Interface)  with  a  broad  range  of 
roughness  scales.  When  the  major  contributions 
to  the  scattered  fields  come  from  the  vicinity 
of  the  specular  (stationary  phase]  points,  the 
well  known  physical  optics  approach  (based  on 
the  Kirchhoff  approximations  of  the  surface 
fields)  provides  results  that  are  In  good 
agreement  with  experimental  data.  However, 
for  surfaces  with  very  small  roughness  scales 
and  slopes,  the  (polarization  dependent)sfflall 
perturbation  approach  of  Rice  Is  generally 
used.  In  order  to  exploit  the  salient  features 
of  the  physical  optics  approach  and  the  small 
perturbation  approach,  hybrid  perturbation  • 
physical  optics  approaches  (based  on  a  two 
scale  model  of  the  rough  set)  have  been  devel¬ 
oped,  Thus  the  surface  of  the  rough  sea  Is 
regarded  as  the  superposition  of  a  small  scale 
rough  surface  on  a  filtered  surface  consist¬ 
ing  of  the  large  scale  spectral  components  of 
the  sea  surface.  However,  the  wavenianber 
where  spectral  splitting  Is  assumed  to  occur 
betwHn  the  large  and  small  scale  spectral 
components  of  tne  rough  surface  Is  not  uniquely 
defined.  Furthermore,  this  approach  cannot  be 
used  to  determine  the  cross  polarized  back- 
scatter  cross  sections. 

A  full  wave  approach,  based  on  the  complete 
expansion  of  the  fields  and  the  Imposition  of 
exact  boundary  conditions,  is  used  to  convert 
Haxwell's  equations  Into  sets  of  generalized 
telegraphists'  equations  for  the  electro¬ 
magnetic  field  transfones.  These  coupled 
equations  for  the  distributed  system  are 
solved  Iteratively  to  obtain  explicit  ex¬ 
pressions  for  the  single  and  multiple 
scattered  fields.  They  are  shown  to  satisfy 
the  reciprocity,  realizability  and  duality 
relationships  In  electromagnetic  theory  and 
they  are  invariant  to  coordinate  transforma¬ 
tions.  In  the  high  frequency  limit  when  the 
major  contributions  to  the  scattered  field 
come  from  the  vicinity  of  the  stationary 
phase  (specular)  points  on  the  surface,  they 
are  shown  to  reduce  to  the  physical/geo¬ 
metrical  optics  solutions.  In  the  low  fre¬ 
quency  limit  they  reduce  to  the  small 
perturbation  solutions  vdien  the  slopes  are 
also  negligibly  simII.  Thus,  there  Is  no 
need  to  adopt  the  two  scale  model  when  the 
full  wave  approach  Is  used. 

Since  the  distinction  between  different 
roughness  scales  Is  made  relative  to  the 
electromagnetic  wavelength,  the  full  wave 
approach  is  also  applicable  to  scattering 
probleaK  with  transient  or  broad  spectral 
excitations  for  both  real  and  synthetic 


aperture  radars.  The  full  wave  approach  can  be 
used  to  characterize  the  scattered  field  com¬ 
pletely  through  the  elements  of  the  Phase /Stokes 
(Mueller)  matrix.  Thus,  full  wave  polarlmetric 
techniques  can  be  readi ly  used  to  suppress  or 
enhance  the  effects  of  the  sea  clutter  and  thereby 
make  the  signature  of  the  target  more  obscure  or 
more  distinct.  The  full  wave  approach  can  also  be 
applied  to  stealth  and  Inverse  stealth  tech¬ 
nologies. 

I,  Introduction 

Numerous  scattering  theories  have  been  devel¬ 
oped  to  determine  the  scattering  and  depolariza¬ 
tion  of  electromagnetic  waves  from  deterministic 
and  randomly  rough  surfaces.  However,  the  most 
connonly  used  theories,  based  on  the  physical 
optics  and  the  small  perturbation  approaches, 
cannot  be  applied  to  composite  surfaces,  charac¬ 
terized  by  a  broad  range  of  roughness  scales.  In 
addition,  several  computer  programs  have  been 
developed  to  numerically  solve  the  integral 
equations  for  the  scattered  fields.  These  numerical 
solutions  have  limited  use  since  they  are  re¬ 
stricted  to  one  dimensionally  rough  surfaces  even 
when  supercomputers  are  used.  Several  hybrid 
solutions  based  on  two  scale  models  of  the  rough 
surfaces  iMve  also  been  Introduced  to  overcome 
these  difficulties.  They  *re  based  on  a  combina¬ 
tion  of  the  physical  optics  (Beckmann  and 
Spizzichino  1963),  and  the  small  perturbation 
(Rice  1951)  approaches.  Thus,  a  surface  with 
small  scale  roughness  Is  assumed  to  ride  on  the 
large  scale  (filtered)  surface  and  the  solution 
Is  expressed  as  a  sum  of  two  cross  sections,  one 
associated  with  the  large  scale  surface  and  the 
other  associated  with  the  small  scale  surface 
(Valenzuela  1968,  Wright  1968).  The  difficulties 
with  the  hybrid  approach  based  on  the  two  scale 
model,  lies  In  the  determination  of  the  spatial 
wavenumber  that  separates  the  large  scale  surface 
from  the  small  scale  surface  and  In  the  under¬ 
lying  assumption  that  these  two  rough  surfaces 
can  be  regarded  as  statistically  Independent. 

The  large  scale  (filtered)  surface  Is  assumed  to  be 
sufficiently  smooth  such  that  It  satisfies  the 
large  radii  of  curvature  restriction  Imposed  when 
the  physical  optics  approach  Is  used.  The  ssmII 
scale  surface  Is  assua^  to  have  a  sufficiently 
small  mean  square  height  and  slope  In  order  to 
satisfy  the  small  perturbation  assumptions.  These 
restrictions  cannot  In  general  be  satisfied 
simultaneously  and  the  physical  optics  approach 
does  not  account  for  the  backscattered  cross 
polarized  fields,  Therefore,  these  two  scale  solu¬ 
tions  critically  depend  on  the  choice  of  the  spatial 
wavenumber  where  spectral  splitting  between  the 
large  and  small  scale  surfaces  1$  assumed  to  occur 
(Brown  1978),  Furthermore,  even  for  surfaces  that 
simultaneously  satisfy  the  large  radii  of  curvature 
restriction  (Inherent  In  the  physical  optics 
approach)  and  the  small  height  and  small  slope 
limitation  (assumed  when  the  perturbation  approach 
Is  used),  the  two  coMonly  used  physical  optics  and 
small  perturbation  solutions  are  not  in  agreement. 

Since  the  sea  surface  consists  of  a  broad  range 
of  roughness  scales.  It  Is  Important  to  employ  a 
rough  surface  theory  that  Is  not  encumbered  by  the 
limitations  of  the  ph>'s1cal  optics,  perturbation 
or  the  hybrid  solutions  based  on  two  scale  models. 
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Furthermore,  in  order  to  utilize  or  reduce  the 
effects  of  sea  clutter  in  radar  sysems,  the  rough 
surface  theory  must  also  be  applicable  to  real 
and/or  Synthetic  Aperture  Polarimetric  Radars. 
Thus,  in  general,  it  is  necessary  to  completely 
characterize  the  radar  returns  from  the  rough  sea 
by  the  sixteen  elements  of  the  Mueller  matrix 
that  relate  the  incident  Stokes  vector  to  the 
scattered  Stokes  vector  (Bahar  and  Fitzwater 
1986). 


The  full  wave  approach  that  is  based  on  the 
complete  expansion  of  the  electromagnetic  fields 
and  on  the  imposition  cf  exact  boundary  condi¬ 
tions,  is  used  to  determine  the  singly  and 
multiply  scattered  fields  from  surfaces  that  are 
either  characterized  deterministically  or 
statistically.  These  full  wave  solutions  are 
invariant  to  coordinate  transformations  and  they 
satisfy  the  reciprocity,  realizability  and  duality 
relationships  in  electromagnetic  theory.  Both 
the  small  perturbation  solutions  as  well  as  the 
physical  optics  solution  can  be  obtained  directly 
from  the  full  wave  solutions.  Furthermore,  using 
hindsight  it  is  possible  to  derive  the  full  wave 
single  scatter, far  field  solution  directly  from 
the  perturbation  solution  by  subjecting  the 
perturbation  solution  to  a  set  of  coordinate 
transformations  as  well  as  a  phase  modification 
which  correctly  accounts  for  the  surface  height 
fluctuations.  Thus,  using  the  ful'  wave  approach, 
it  is  possible  to  determine  the  direct  rela¬ 
tionship  between  the  small  perturbation  solution 
and  the  physical  optics  solution. 


2.  Review  of  the  Full  Wave  Approach 


For  the  purposes  of  the  full  wave  analysis  of 
rough  surface  scattering,  it  1$  necessary  to 
define  two_(Carteslan)  coordinate  systems.  The 
first  (a  ,a  ,8,),  is  a  fixed,  reference  co- 
ordinate*sy<teffi  (See  Fig.  I).  Since  the  full 
wave  solutions  are  invariant  to  coordinate 
transformations,  the  reference  coordinate  sys¬ 
tem  can  be  chosen  arbitrarily,  although  for 
convenience  it  is  usually  associated  with  the 
transmitter/receiver  system  and/or  the  mean  sea 
surface  (chosen  in  this  work  to  be  normal  to 
the  unit  vector  ay).  The  second  coordinate 
system  (Oj  ,n2,nj)''1s  associated  with  the  local 


features  of  the  rough  surface^  Thus  nz  is  the 
direction  of  the  unit  vector  n  normal  to  a 
point  on  the  rough  surface,  while  n|  and  tij  are 

tangent  to  the  rough  surface  at  the  same 
point  (See  Fig.  2). 


The  transverse  (y,z)  components  of  the  elec¬ 
tric  and  magnetic  fields  and  above  and 

below  the  rough  surface  f(x,y,z)-y-h{x,z)"0  are 
expressed  completely  in  terms  of  generalized 
transfom$9  that  account  for  the  vertically  and 
horizontally  polarized  waves.  The  cowplete  wave 
spectrum  consists  of  the  radiation  fields  and 
t^  lateral  waves  (two  infinite  integrals)  and 
the  guided  (surface)  waves.  Thus  E-  and  By  are 


expressed  as  follows  in  terms  of  the  vertically 
and  horizontally  polarized  field  transforms  eP 
and  F  (P«V  vertical  or  H  horizontal) (Bahar  1973a) 

E.f(x,y,z)-E  /^lE''(x.v,w)e|f+E”(x.v,w)e”]dw  (la 


P  T 

E  (x,v,w)»  /  Ey(x,y,z)-(fipX  a^)dydz  P«V  or  H  (ib) 
ii|{x,y,z)=z  ^H’''(x,v,w)Ji![+H”(x,v,w)Ii”)dw  (ic) 

P  *  T 

H  (x,v,w)*  /  fl-(x,y,z)«(a  x  ep)dydz  P“V  or  H  (id) 

-00  '  A  r 


in  which  the  symbol  2 denotes  summation  over  the 
complete  wave  spectrum.  The  vector  basis  functions 

-P  -p 

e-j.  and  n-j-  are  biorthogonal  to  the  reciprocal 
basis  functions  ej  and  rJ.  These  complete  field 

expansions  are  substituted  into  Maxwell's  equa¬ 
tions.  On  employing  the  biorthogonal  properties 
of  the  basis  functions  ana  on  imposing  the  exact 
boundary  conditions. 


[n  X  E)  =  [n  X  El+ 

(2) 

R  h 

[n  X  Hip  -  [R  X  H]jj 

(3) 

at  the  rough  Interface  h(x,z). 

Maxwell's  equations  are  converted  into  the 
following  set  of  generalized  telegraphists'  equa¬ 
tions  (Schelkunoff  1955;  Bahar  1973b,  1974)  for  the 
forward  and  backward  wave  amplitudes  a"  and  bP 
respectively. 


da'^ 

cBT 


-iua 


2  2 
Q  V 


,/  (SpQa'^+S^^b‘J)dw'-A'’ 


(4a) 


-  ^♦iub'’-  2  Ij  (S*Ja'^+sg®BQ)dw'+B'’  (4b) 

P  P 

In  (4)  A  and  B  are  transforms  of  the  electro¬ 


magnetic  sources  and 


H' 


a''.b'' 

a”.b« 


e''  .  a''  -  b'' 
E«  .  a«  4  b» 


{5a) 

(5b) 


To  derive  the  generalized  telegraphists'  equation 
(4),  it  is  necessary  to  properly  take  into 
account  problems  of  convergence.  Thus,  the  orders 
of  integration  (summation)  and  differentiation 
are  not  interchanged  by  employing  Green's  theorem-. 
In  (4),  the  coupling  coefficients  Spg  are  the 

forward  (ofB)  and  backward  (a»B)  scattering  co¬ 
efficients.  The  second  subscript  Q  denotes  the 
polarization  of  the  waves  incident  upon  the  sur¬ 
face,  while  the  first  subscript  P  denotes  the 
polarization  of  the  scattered  waves  (P,Q*V,h), 

The  telegraphists'  equations  may  be  solved  numer¬ 
ically  to  account  for  the  total  scattered  field 
(singly  and  multiply  scattered  waves).  However, 
in  this  review  only  iterative  analytical  solu¬ 
tions  are  presented  since  they  can  be  readi ly 
compared  with  other  analytical  single  scatter 
solutions,  such  as  the  physical  optics  (Beck¬ 
mann  and  Spizzichino)  and  the  small  perturbation 
solutions  (Rice  1951),  Higher  order  iterative  sol¬ 
utions  can  also  be  derived  to  separately  account 
for  multiple  scatter  (Bahar  and  El-Shenawee  1990). 
The  principal  elements  of  the  full  wave  solutions 
are  shown  schematically  in  Fig.  3. 

3.  Integral  Expressions  for  the  Single  Scattered 

Radiation  Field 

The  full  wave  solutions  for  the  like  and  cross 
polarized  radiation  fields  single  scattered  by 
two  dimensionally  rough  surfaces  f(x,y,z)»y-h(x,z) 
=0  is  expressed  as  follows  in  matrix  notation 
(Bahar  1987) 

G^'Gj,^  D(n‘',n^)exp(iv.rJdA  G*=SG^  (6) 

in  which  n’  and  n^  are  unit  vectors  in  the  direc¬ 
tions  of  the  incident  and  scattered  fields.  The 
vector  V  is 

V  »  k^j(n^-n*)  «  VjjYVyiy+v^a^  (7) 

where  kg*(u»ii^  is  the  free  space  wavenumber  and 
the  dA=dxdz/(n.ay)  is  the  rough  surface  element. 
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The  unit  vector  n  Is  noriual  to  the  rough  surface 
In  the  direction  of  Vf  and  r  is  the  position 
vector  to  a  point  on  the  rough  surface.  The 
elements  of  the  2x1  column  matrix  S'!  are  the 
incident  vertically  and  horizontally  polarized 
complex  wave  amplitudes  G^'  and  at  the 
origin  (with  n’xiy  defined  as  the  vector  normal 
to  the  reference  plane  of  incidence).  Similarly 
G^  is  a  2x1  column  matiix  whose  elements  are  the 
vertically  and  horizontal^  polarized  complex 
wave  amplitudes  g'^^  and  G*”  (with  n^xiy  defined 
as  the  vector  normal  to  the  reference  scatter 
plane)  at  the  observation  point  given  by  the 
position  vector 

x^ijj+y^iy+z^ijj  «  r^n^  .  (8) 


^incW./,pin.fn, «incfn» 

*^o  ((u^C,  C,  cos(^  -♦  )-S^  ) 

•(l-l/E^)+(l-P^)cos(/V")I} 

•I(c’%^c|'')(C^'’+n^cf  )(cHcJ'’)]'‘  ( 12a) 

cinfHH,{2c1ncfnj(g^c]'’c|"cos(/'’-*^")-S^"sJ'') 

•(l-lV+(l-e^)cos(/'’V")l} 

•  l(C^"+c|'’/nr)(C^"+c|%^)(C^'’+cJ'’)]''  ( 12b) 

C^'’f‘"'»{.sin($^''--*^")2C^'’cJ"n^((l-l/e^)c|'’ 


Thus 


where  n.  •  4i„/e„  is  the  free  space  wave  im¬ 
pedance?  The  “coefficient  G^^  is 

Gq  -  k^exp(-1lc^r^)/2nil(^r^  (10) 

and  a  suppressed  exp(iut)  time  dependence  is 
assumed  in  this  work.  The  2x2.rouah  surface 
element  scattering  matrix  D(n'«n')  in  (4)  is 
expressed  as  follows: 


-(i-i/u^)c|'’))[(cj%^c|'')(cj"+c{%^)(cj'’+cj")]'' 

(12c) 

cinpVH.{sin(^fn.^in)2^;1n(.fn„^f  ( l,  I^lj^)c1n 

-(l-l/e^)c["]JI(C^'’+C^'’/np(cJ'*+n^c{")(C^"+cJ")j*' 

(I2d) 

In  (12)  S^*'.  ands]^'',  are  the  sine  of  the  angles  of 

OpI  Op  I  j 

incidence  and  scatter  and  p'"-^  "  is  the  angle 
between  the  local  planes  of  incidence  and  scatter. 
It  is  interesting  to  note  that  at  the  stationary 
phase  points  of  the  integral  expression  for  the 
scattered  fields  (5),  the  unit  vector  n  normal 
to  the  rough  surface  is  in  the  direction  of  the 
vector  V  (6), 

n  +  iij  •  v/v  (13) 


0(n^,n^)* 


oVV  oVif 
OHV  oHH 


•(-n^n)T^FT^  (II) 


where  (-n^«n)*Cg"  and  (n^«n)«cj"  are  the  cosine 
of  the  local  angles  of  Incidence  ^"and  scatter 
ej"  for  y>h.  For  y<h  these  angles  «]'’  and  e|" 

are  given  by  Snell's  law.  The  2x2  matrix  T^ 
transforms  the  incident  vertically  and 
horizontally  polarized  waves  with  respect  to  the 
fixed  (reference)  plane  of  incidence  (H'x  ly) 
to  the  corresponding  vertically  and  horizontally 
polarized  waves.with  respect  to  the  local  plane 
of  incidence  (n'x  n)  at  a  point  r  on  the  rough 
surface.  The  elements  of  the  2x2  local  scatter¬ 
ing  matrix  F  account  for  the  like  and  cross 
polarized  scattering  for  a  surface  element  dA 
at  the  point  r  on  the  rough  surface  (See  Fig.  2). 
The  2x2  matrix  Tf  transforms  the  scattered 
vertically  and  horizontally  polarized  waves  with 
respect  to  the  local  plane  of  scatter  (h'xn)  at 
the  point  r  on  the  surface  back  to  the  corre¬ 
sponding  vertically  and  horizontally  polarized 
waves  with  respect  to  the  fixed  plane  of 
scatter  (n'xa  ).  The  explicit  expressions  for 
the  elements  of  the  local  scattering  matrix  F 
depend  on  the  unit  vectors  h’  and  n'  in  the 
directions  of  the  incident  and  scattered  waves 
as  well  as  the  direction  of  the  local  normal  to 
the  rough  surface.  It  also  depends  on  tne  electro¬ 
magnetic  parameters  (e,u)  of  the  media  above  and 
below  the  rough  interface  (f(x,y,z)*0)  since 
in  this  work  the  approximate  ii^ance  boundary 
conditions  are  not  employed. 


At  these  stationary  phase  (specular)  points  on  the 
rough  surface.the  surface  element  scattering 
matrix  F(n^,n')  reduces  to 


(14) 


where  cossjp  •  -n^n^  •  n^nJ  and  ejp  is  equal  to 

the  local  angle  of  incidence  and  scatter  at  the 
specular  points.  Thus  it  is  readily  shown  that  if 
in  the  integrand  of  the  expressions  for  the 
scattered  fields  (4),_the  unit  vector  n  is  re¬ 
placed  by  its  v.'lue  n  at  the  stationary  phase 
points  (before  integration)  the  full  wave  solu¬ 
tions  reduce  to  the  physical  optics  solutions 
(Beckmann  and  Spizzichino  1963).  Therefore,  for 
the  physical  optics  approach  to  be  valid  in  the 
high  frequency  limit,  it  is  not  only  necessary  for 
the  radii  of  curvature  to  be  large  compared  to 
wavelength,  but  the  major  contributions  to  the 
scattered  fields  must  come  from  the  vicinity  of 
the  specular  points  of  the  rough  surface.  This  is 
a  principal  reason  why  the  pnysical  optics 
approach  cannot  be  used  to  correctly  predict  the 
enhanced  backscattered  fields  even  at  optical 
frequencies  (Bahar  and  Fitzwater  1989).  If  the 
integral  for  the  scattered  fields  is  evaluated 
analytically  using  the  stationary  phase  approxi¬ 
mation  the  full  wave  solution  reduces  tc  the 
Geometric  Optics  solution. 


It  is  also  interesting  to  demonstrate  the  direct 
link  between  the  full  wave  solution  (4)  and  the  low 
frequency  small  perturbation  solution.  Thus,  it  can 
be  shown  that  if  in  the  integral  expression  for  the 
scattered  fields  (4),  the  unit  vector  n  normal  to 
the  rough  surface  1$  replaced  by  the  unit  vector 
a  normal  to  the  reference  (mean)  plane  y«o. 
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(negligible  slopes)  and  In  addition.  If  the  expon¬ 
ential  function  exp(iv-h(x,2)a  )1s  replaced  by  the 
first  tj«  terms  of  Its  Taylor  series  expansion 
l+1lcgh{n'-n')»ay,  the  full  wave  solution  reduces 
to  the  sum  of  tne  reflected  field  from  the  flat 
(unperturbed)  surface  and  the  diffuse  scattered 
field  derived  by  Rice  (1951),  based  on  the  small 
perturbation  approach.  On  hindsight  It  Is  there¬ 
fore  possible  to  trace  the  rather  elusive  rela¬ 
tionship  between  the  smell  perturbation  (low 
frequency)  solution  (Rice  1951)  and  the  high 
frequency  physical  optics  solution  (Beckmann 
and  Spizzichlno  (1963)  even  though  the  two  solu¬ 
tions  are  not  1n  agreement  for  surfaces  that 
simultaneously  satisfy  the  small  perturbation 
restrictions  and  the  large  radii  of  curvature 
criteria.  To  this  end,  one  can  start  with  Rice's 
polarization  dependent  small  perturbation 
solution  for  the  fields  scattered  by  a  surface 
element  dA  In  the  neighborhood  of  the  point  r 
on  the  rough  surface.  At  the  point  r,  the 
normal  to  the  surface  element  at  height 
y*h(x,z)  Is  given  by  the  unit  vector  n*Vf/|7fj. 
Thus,  on  subjecting  Rice's  solution  to  the  prin¬ 
ciple  of  Invariance  under  coordinate  trans¬ 
formations  and  replacing. the  factor  appearing 
In  his  solution  1k|jKn'-n  )*Sy  (associated  with 

the  surface  height  fluctuations)  by  the  expon¬ 
ential  function  exp(1v*h(x,z)^)  (associated 
with  the  corresponding  phase  fluctuation).  Rice's 
solution  Is  transformed  Into  the  full  wave 
solutions  for  the  singly  scattered  radiation 
(far)  fields.  If.at  this  point  the  value  for 
the  unit  vector  h  normal  to  the  rough  surface 
Is  replaced  by  Its  value  n.  at  the  stationary 
phase  (specular)  points,  the  low  frequency 
small  perturbation  solution  transforms  directly 
Into  the  high  frequency  physical  optics 
solution.  The  Inter-relationships  between  the 
small  perturbation,  the  full  wave,  the  physical/ 
seometrlc  optics  and  the  hybrid  solutions 
(based  on  two  scale  models  of  the  rough  surface) 
are  shown  schematically  In  Fig,  4.  Thus,  when 
one  applies  the  full  wave  approach  to  evaluate 
the  fields  scattered  by  composite  surfaces 
consisting  of  a  very  broad  range  of  roughness 
scales.  It  Is  not  necessary  to  adopt  the  two 
scale  model  of  the  rough  surface. 


4.  The  Scattering  Cross  Sections  and  the 
Stokes  Matrix  Elements  for  Rough  Surfaces 

For  radar  remote  sensing  application,  the 
random  rough  surfaces  are  usually  characterized 
by  their  normalized  like  and  cross  polarized 
diffuse  scattering  cross  sections  <orQ>(P,Q»V,H). 
They  are  defined  as  follows  In  terms  of  the 
Incident  and  scattered  fields 


</Q> . 


(15) 


In  which  A 
area  on 


I  Ay  Is  the  projection  of  the  rough  surface 
the  reference  (y*o)  plane  and  r*  is  the 


distance  to  the  observation  point.  The  symbol 
<•>  denotes  the  statistical  average.  The 
normalized  scattering  cross  sections  therefore 
relate  the  diffuse  (total  minus  the  coherent) 
scattered  Intensity  (with  polarization  P«V,H)  to 
the  Incident  Intensity  (with  polarization 
Q«V,H).  Similar  expressions  for  the  scattering 
cross  sections  can  be  written  in  general  for 
elliptical  Incident  and  scatter  polarization. 
However,  for  the  purposes  of  enhancing  or 
suppressing  special  features  of  the  radar 
returns,  the  optimal  polarizations  of  the 
transmitter  and  receiver  are  not  known  a  priori. 
In  these  cases.  It  Is  necessary  to  characterize 
the  scattered  fields  by  the  4x4  Stokes  matrix 
elements  which  contain  both  magnitude  and 
relative  phase  data.  The  Stokes  matrix  relates 


the  scattered  Stokes  vector  elements  to  the  In¬ 
cident  Stokes  vector  elements.  A  modified  form  of 
the  Stokes  vector  is  as  follows: 


■ll' 

<E|E|5  • 

* 

8 

It 

u 

2Re<EjE2  > 

* 

V 

2InKE|E2  > 

(16) 


In  which  E|  and  ii"®  the  vertically  and  hori¬ 
zontally  polarized  components  of  the  electric 
field  while  Re<«>  and  Im<*>  denote  the  real  and 
Imaginary  parts.  Thus,  on  expressing  the  rela¬ 
tionships  between  the  Incident  and  scattered 
vertically  and  horizontally  polarized  fields  as 
fol lows: 


Y' 

^11  ^12 

A 

8 

fzi 

exp(-1k/) 


(17) 


ihe  Stokes  matrix  that  relates  the  Incident  Stokes 
vector  to  the  scattered  Stokes  vector  Is  given  by 
Bahar  and  Fitzwater (I9B7).  (See  Appendix  A). 

The  four  elements  mjj(l,j«l,2)  of  the  Stokes 

matrix  are  therefore  related  to  the  like  and  cross 
polarized  scattering  cross  sections. 

Explicit  full  wave  expressions  for  all  sixteen 
elements  of  the  Stokes  matrix  need  to  be  evaluated 
In  order  to  obtain  a  complete  polarlmetric  descrip¬ 
tion  of  the  rough  surface  scattered  field.  Exten¬ 
sive  work  has  been  carried  out  to  determine  thu 
optimum  polarization  of  the  transmltter/recelver 
to  .enhance  special  features  of  the  radar  signals. 
Multi frequency  polarlmetric  radar  systems  provide 
Improved  capabilities  to  enhance  or  supprosi  these 
features  (Zebkar  et  al.l990).  The  Stoket  matrix  Is 
also  useful  for  Synthetic  Aperture  Radar  (SAR) 
applications. 

5.  Concluding  Remarks 

In  this  paper  the  principal  elements  of  the 
full  wave  solutions  have  been  summarized.  The  full 
wave  solutions  are  Invariant  to  coordinate  trans¬ 
formations  and  they  satisfy  the  reciprocity, 
realizability  and  duality  relationships  In  electro¬ 
magnetic  theory.  Limiting  forms  of  the  full  wave 
solutions  art  shown  to  reduce  to  the  low  frequency 
small  perturbation  solutions  (Rice  1951)  and  the 
high  frequency  physical  optics  solutions  (Beckmann 
and  Spizzichlno  1963),  Thus,  the  full  wave  solu¬ 
tion  provides  the  only  direct  relationship  bejjween 
the  low  frequency  small  perturbation  (8»4ko<h4>  «  i, 
n^ay)  and  the  high  freouency  physical  optics  (B»  I 
kr^  »  I,  Tj  Is  the  radius  of  curvature)  solutions. 
Tracing  this  relationship  has  been  a  rather  elusive 
endeavor  since  even  for  surfaces  that  simultaneously 
satisfy  the  small  perturbation  limitation  and  the 
large  radii  of  curvature  restriction,  these  two 
solutions  are  not  in  agreement. 

Thus,  there  are  no  complications  In  applying  the 
full  wave  solutions  to  scattering  by  composite  sur¬ 
faces  wUii  multiple  scales  of  roughness  and  there 
Is  no  need  to  adopt  hybrid  (perturbed-physical 
optics)  solutions  based  on  the  artificial  decoagw- 
sltlon  of  the  surface  Into  two  surfaces  with  dif¬ 
ferent  scales  of  roughness.  These  hybrid  solutions 
critically  depend  on  the  choice  of  the  spatial  wave- 
number  k(|  at  which  It  1$  assumed  the  separation 
occurs  between  the  large  and  saull  scale  surface. 

The  full  wave-two  scale  approximation  can  be  ex¬ 
pressed  as  a  weighted  sum  of  two  cross  sections 
and  the  like  polarized  cross  section  Is  less  sensi¬ 
tive  to  the  choice  of  kj.  However,  since  the 
physical  optics  approximation  for  the  backscattered 
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cross  polarized  return  is  zero  (Brown  1978), 
the  hybrid  solutions  based  on  the  two  scale 
modes  cannot  be  used  to  derive  the  cross 
polarized  cross  sections  for  composite  rough 
surfaces.  The  full  wave  solutions  for  the 
Stokes  matrix  elements  can  therefore,  be  used 
to  analyze  data  obtained  from  multi frequency 
polarlmetrlc  radars  at  all  angles  of  In¬ 
cidence  (Zebkar  et  al.  1990).  This  provides 
the  users  with  a  broad  choice  of  parameters 
(Including  wavelength,  angle  of  Incidence  and 
polarization)  for  purposes  of  the  selective 
suppression  or  enhancement  of  background 
clutter  received  by  both  real  and  synthetic 
aperture  radars.  Since  the  approximate  Im¬ 
pedance  boundary  conditions  are  not  used  In 
the  full  wave  analysis.  It  could  also  be  applied 
to  scatterers  with  a  broad  range  of  electro¬ 
magnetic  parameters  (c,p).  The  full  wave  approach 
has  been  applied  to  random  distributions  of 
scatterers  of  Irregular  shape  (Bahar  and  Fltz- 
water  1987)  and  It  can  therefore  be  used  to 
realistically  model  foliage  as  well  as  foliage- 
covered  terrain. 
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8.  Appendix  A 


The  Stokes  matrix  (H) 

as  expressed  as  follows  In  terms  of  the  matrix  elements  f^j 

<if,ir> 

lm<f,|f,2*> 

<|f2|l^> 

-Im<f2|f22*> 

IK]  • 

* 

2Re<f||f2|  > 

2Re<f,2f22  >  > 

-Im<f„f22  - 

*^12*^21 

* 

*  *  * 

2ln<f^2^22  ^  ^ 

Re<f,,f22  - 

^12^21 
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Ftg«  3.,  Principal  elements  of  the  full  wave  approach. 


Fig.  4.  Principal  properties  of  the  full  wave  approach. 
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EMISSIVITT  AHD  TRANSMISSIVITT  OF  A  RAHDOHLT  lAMINAR  STRUCTURE 
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P.O.Box  516,  St.  Louis,  MO  63166,  USA 


ABSTRACT 

We  consider  a  randomly  laminar  structure  of  constant  width  and  investigate  the 
scattering  of  scalar  waves  for  active  remote  sensing  and  radiometric  purposes . 

The  approach  la  based  on  analytic  wave  theory  involving  the  expansion  of  the  field  in 
Wiener-Hermite  functionals  which  are  statistically  orthogonal .  A  hierarchy  of  approxi¬ 
mations  is  established  and  shown  to  represent  in  each  order  a  partial  sununatlon  of  per¬ 
turbation  theory  terms.  The  average  field  as  well  as  the  incoherently  scattered  field 
are  determined,  yielding  the  emissivlty  and  transmissivity  of  the  randomly  liuninar 
medium.  The  special  case  of  small  correlation  length  is  examined  in  detail  and  proved  to 
fulfill  the  energy  conservation  requirement., 

1.  IHTRODUCTIOH 

The  study  of  scattering  and  propagation  of  waves  in  media  exhibiting  significantly 
complex  and  irregular  variations  in  properties  like  density,  index  of  refraction,  dielec 
trie  constant,  etc.  is  routinely  performed  by  considering  the  medium  a  realiration  of  a 
statistical  ensemble  with,  more  often  than  not,  a  Gaussian  probability  distribution. 

The  problem  has  been  treated  by  a  variety  of  methods,  amply  described  in  excellent 
reviews  [1-5].  The  purpose  of  the  present  work  is  to  add  to  these  methods  an  approach 
which  is  novel  in  this  context,  and  which  is  based  on  the  Wiener-Hermite  functional 
expansion  of  the  field  (6],  which  can  be  also  explained  in  terms  of  the  familiar  approach 
based  on  perturbation  theory.  The  direct  application  of  (renormalized)  perturbation  the¬ 
ory,  in  the  form  it  evolved  by  natural  extension  from  Quantum  Field  Theory,  has  drawbacks 
which  severely  limit  its  efficiency.,  A  central  role  in  such  perturbative  calculations  is 
played  by  the  Dyson  equation  for  the  average,  coherent  component  of  the  field,  and  by  the 
Bethe-Saltpeter  equation  for  the  Incoherent  component.  Unfortunately,  neither  of  these 
equations  can  be  solved  exactly,  and  their  approximate  solutions  via  perturbation  theory 
— ,.r.naionB,  because  of  inherently  arbitrary  assumptions,  may  lead  to  violations  of  funda¬ 
mental  physical  principles,  like  the  conservation  of  energy  [7],  Particularly  trouble - 
some  is  the  fact  that  the  approximations  introduced  in  solving  these  equations  are  not 
necessarily  mutually  consistent. 

The  approach  based  on  the  Wiener-Hermite  functional  expansion,  which  will  be  briefly 
described  below,  simultaneously  yields  both  coherent  and  incoherent  components  of  the 
field,  rendering  transparent  their  physical  interdependence. 

3.  PROBLEM  STATEMENT 

The  essential  problem  under  consideration  is  sketched  in  Fig.  1.  An  incoming  plane 
wave  exp(-ikoz)  propagates  from  z  »  -  «  and  is  normally  incident  on  the  face  z  =  0  of  a 
medium  with  an  index  of  refraction  randomly  distributed  in  the  z-direction  only.  The 
total  field  in  the  half-spr.ee  z  <0  can  thus  be  written  as 


z«0  z«L 


Figurt  1.  The  wave  propagatioa  sod  scattering  proUen. 
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where  R  is  the  reflection  coefficient,  itself  a  random  number.  The  field  (1)  can  be 
separated  into  a  coherent  (average)  component  and  an  incoherent  component; 


coh  incoh 
ii.(z)  »  i>.  (z)  +  1>-  (2) 


(2) 


with 


coh 
4>-  (z) 


-iknz 

e  “  +  <R>  e 


incoh  *  iknz 

(z)  =  R  e  ”  (3) 

where  R  >  R  -  <R>,  the  brackets  indicating  ensemble  average. 

The  average  energy  carried  by  these  components  can  be  easily  found  by  calculating  the 
z -component  of  the  Poynting  vector: 

coh  r,  coh  .*  d  coh  ,  ,  2, 

S_  .  -  im  [(,>_(z))  -  ,t_(z)J  -  k  [l  -  I  <R>  I  ] 


incoh  ,  incoh. *  d  incoh  *  2 

S  »  -  Im  <(^  (z))  f  (2)>  -  -  k  <|R|  >  , 

'  -  '  dz  -  0 


(4) 


If  one  defines  the  reflectivity  of  the  medium  as 

r  ■  <|R|2>  (5) 

it  follows  that  the  emlssivity  can  be  directly  expressed  in  terms  of  the  total  energy 
flux: 

e  “  1  -  r 

-  I  -  I<R>|2  -  <|R|2> 

-  [sf®*'  +  si'''=°'']/ko 

■  stot/lco  .  (6) 


If  the  randomly  distributed  structure  is  of  finite  extent  L,  the  field  for  z  >  I.  is 
of  the  form 


l^(z)  -  T  a 


-ikiz 


(7) 


in  which  kx  is  the  (constant  and,  for  simplicity,  real)  wavenumber  of  the  uniform  half¬ 
space  2  i  0,  and  T  is  the  transmission  coefficient.  Here  as  well,  we  can  write 


coh  incoh 

Vl.<2)  *  Vi(z)  +  ii  (2) 


(3) 


and 


coh  ,  , 2 

Sl  -  kx  |<T>| 

incoh  * . 2 

Sl  =  kx  <|T|  > 


(9) 


with  T  =  T  -  <T>.  The  tranmlssivity,  defined  as 

t  =  g<|T|^ 

(note  that  the  energy  flux  of  the  incident  field  is  simply  kg),  is  thus 
t  =  ^  si"=°'']/ko 


s£°Vko 


(10) 


(11) 


The  quantities  e  and  t  are  the  main  measurable  parameters  of  the  problem,  and  our  objec¬ 
tive  is  to  derermine  them  by  a  direct  examination  of  the  field  propagating  and  scattering 
inside  the  laminar  structure.  In  the  randomly  distributed  medium,  i.e.  for  0  <  z  <  L, 
the  field  t(z)  is  a  solution  of  the  equation 

d2 


(12) 
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subject  to  continuity  conditions  at  z  °  0  and  z  *  L,  where  £(z)  is  a  real,  stochastic, 
stationary,  normal  process  with  zero  mean:  <f(z)>  >  0.  The  latter  assignment  identifies 
k  as  the  wavenumber  in  the  averaged  medium.  The  covariance  of  the  fluctuating  (square  of 
the)  wavenumber,  i.e.,  the  correlation  function 

c(z  -  z')  =  <f(z)  f(z')>,  0  <  z,  z'  <  I.  (13) 

is  assumed  given. 

3.  NIENER-HERHITE  EXPAMSIOH 

To  solve  the  stated  problem,  we  first  introduce  the  Hiener-Hermite  set  of  functions: 

Ho  =  1 

Hi(z)  =  f(z) 

H2(Z)  =  f(Zl)  f(22)  '  C(2i  -  Z2) 

H3(Z)  -  f(Zi)  f(Z2)  £(Z3)  -  f(Zi)  C(Z2  -  Z3)  (14) 

-  f(Z2)  C(Zi  -  Z3)  -  f(Z3)  C(Zi  -  Z2) 


Which  are  constructed  such  tnat  its  elements  are  statistically  orthogonal,  i.e.. 


<Hm(zi,22<  zm)  »n  (^l,Z2f  •••»  2n)>  •  “  (15) 

for  each  fixed  n  >  0  and  all  m  -  0,  l,...,n  -  1.  We  now  seek  the  solution  of  (12)  in  the 
form  of  the  functional  expansion 

Vi(z)  -  Vo<*)  +  +  (>2(2)  +  •••■ 

L 

“  4>o(^)  *  /  <1*1  ^i(*;*i)  Hi(2i)  (IS) 

0 

L  I. 

+  /  /  dZidZj  ^2  (*»*1»*2)  H2(Zi,Z2)  +  ••• 

0  0 

in  which  the  coefficient  functions  ^n(*'*l' ■  ■  ■ '*n)  deterministic  and,  for  n  >  1, 
symmetric  in  the  integration  variables.  Because  of  (15),  the  first  moment,  i.e.,  the 
average  field  is  simply 

<yi(z)>  -  tpoiz) 

and  the  second  moment  of  the  field  is 

L  L 

<Vi*(z)  (Kz')>  “  ^o(z)  ^o(*')  *  f  i  <i*id*i  ^i<z;zi)  ^i(*';*i)  c(*i  -  *i) 

0  0 

+  ?  ?  /  /  <lzidZ2dzidzJ  ^J(z;zi,Z2)  (pz{z' ;z{,z[)  (18) 

0  0  0  0 

•  [c(Z3  -  Z{)  C(Z2  -  Z2)  +  C(Zl  -  Z2)  C(Z2  -  zl)]  +  ... 

so  that  the  problem  reduces  to  the  determination  of  the  coefficients  A  hierarchical 
system  of  equaticns  can  be  derived  by  substituting  (16)  into  (12),  using  the  recurrence 
relation 


f(z)  Hn(zi,...,  Zn)  =  Hn+i(z,zi,...  Zn) 

+  ^  C(Z  *  Zl)  Hjj_3(23,  .  .  . ,  Zl«3,  Zl^l,...,  Zjj) 

i=l 

and  then  ensemble  averaging  after  successively  multiplying  by  Hn  (n  =  0,1,...).. 
obtains  an  infinite  system  of  equations,  the  first  few  of  which  are 

L 

+  k^)  ^^(z;z')  •  -  k^  ^q(z)  5(z  -  z^)  -  Zk*  /  dzi(2;zi,z')  c(z  -  zo 


(19) 
One  thus 

(20) 


(21) 
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i 


i 

! 


,2')  -  -  I  k^[^j(2;z*)  6(z  -  z')  +  4>^(x}z')  6<z  -  z')] 

L 

-  6k2  /  dzi  ^3(z;z',z”,zi)  c(z  -  zi)  (22) 

0 

For  all  practical  intents  and  purposes,  one  can  conceptualize  solving  this  system  of 
equations  only  after  closing  it  through  truncation.  He  define  a  truncation  of  order  N  as 
the  approximation  in  which  only  the  first  H  equations  of  the  system  are  retained,  and  one 
assumes  that  for  all  n  i  M,  ^ke  system  of  N  equations,  for  the  functions  ^jj, 

with  n  •  0,1,...,  N-1,  is  thus  closed  and  can  be  solved.  For  example,  if  one  considers 
the  order  N  •  3  of  truncation,  its  equations  are  (20)  and  (21)  plus  the  truncated 
equation  (22): 

+  lc2)  ^2(z;z',z")  -  -  i  k^[^j(z;z')  6(z  -  z")  +  ^^(z;2")  6(2  -  z')]  ,  (23) 

Introducing  now  the  Green's  function  G(z,z'),  a  solution  of  the  equation 

(gP  +  k^)  G(2;z')  -  -6(z  -  z')  .  (24) 

the  explicit  expression  of  which  will  be  given  below,  we  can  write 

^2(z;z',z“)  -  I  k^[G(z;z')  ^j(z';z“)  +  G(z,z“)  ^j(z‘;z')]  .  (25) 

Substitution  of  (25)  into  (21),  yields  the  equation 

(-^  +  k^)  ^j(Z)z')  -  -  k^  ^q(z)  6(z  -  z')  +  k<  /  dzj  [g(z,zi)  i^liz^z') 

0 

+  G(z,z')  ^i(z';zi>]  c(z  -  21)  .  (26) 

which,  together  with  (20)  forms  a  closed  system  cf  equations  for  ^0  ^1- 

Clearly,  the  sequence  of  hierarchic  approximations  can  be  interrupted  in  principle  at 
any  order.  However,  we  shall  show  below  that  even  the  low  orders  of  truncation  are 
applicable  to  and  yield  adequate  solutions,  corresponding  to  Interesting  physical 
circumstances. 


4.  GREEN'S  FUNCTION 


A  detailed  description  of  the  Green's  function  must  be  provided  before  proceeding  to 
an  examination  of  the  truncated  system  of  equations  derived  above.  For  0  <  z,z'  <  L,  the 
solution  of  the  equation  (25)  represents  waves  originating  at  tiiv  source  point  z',  and 
propagating  in  both  directions,  towards  z-0orz>>L.  A  general  representation  is  thus 


G(z,z')  -  [e' 


■ik|z-z'  I 


+  a(z')  e-"*'"  +  b(z')  .  (27) 


Because  of  continuity  at  z  -  0  and  z  •  L,  the  Green's  function  for  z  <  0  and  0  <  z'  <  L 
reads 


iknz 

G.(z,z' )  •  G(0,z' )  e 
while  for  z  >  L  and  0  5  z'  <  L, 
iki (L-z) 

Gl(z,z')  >  G(L,z')  e  * 


(28) 


(29) 


Requiring  also  continuity  at  z  “  0  and  z  =  I,  of  the  first  order  derivatives  with 
respect  to  z  allows  us  to  determine  the  functions  a(z')  and  b(z'),  resulting  in  the 
following  explicit  expression: 


G(z,z')  [e 


-ik|z-z'l. 


^ik|z-z'|  ^  ^^^-ik(Z-Z')  ^  ^ik(z-z')^ 


+  B  e-ik(z+z')  t  c  eik(z+z')J 


(30) 


where 

^  _  (k  kp)  (k  +  ki)  e^-kb  t  (k  -  kp)  (k  -  k^)  e-^kL 
(k  +  ko)  (k  +  ki)  eikL  -  (k  -  ko)  (k  -  kj)  e'ikL 


and 


I 


I 


'Si 
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A  -  1 


It  -  ICj  -2i\cL 
k  +  ki  ® 


B 


It  -  ItQ  _ 
k  +  ko 


Note  also  that 


a2  -  B  C  -  1  . 


Alternatively,  we  may  rewrite  (30)  as 
U(z)  V(z') 

G(z,z')  * 

U<z')  V(z) 


0  <  Z'  <  Z  <  L 
0  <  Z  <  Z'  <  L 


(32) 

(33) 


<34) 


where 


,,,  ,  -ikz 

k 

-  ■'1  .-2ikL+ikz 

U(z)  “  e 

^  r 

+  ki  ® 

,,,  ,  ikz' 

k 

“  ''o  -ikz' 

V(z)  -  a 

*  F 

These  expressions  remain  valid  in  a  number  of  special  cases,  for  instance  when  k  ■  kp,  or 
k  "  kj,  and  even  in  the  limit  L  ■*  co,  provided  one  assumes  that  Im  k  <  0.  In  the  special 
case  when  the  plane  z  ■  b  is  a  perfect  conductor  the  continuity  of  the  first  derivative 
at  z  ”  L  no  longer  applies  and  the  only  condition  to  be  imposed  at  z  »  L  is  G(L,z')  «  0. 
One  thus  obtains  in  this  special  case 


G(z,z')  .  jjij- 


1/(L) 


u(z)v(z') 
u(z' )v(z) 


where 

u(z)  • 

ikz  -ikz 

''<*>  ■  ®  *  inr4  “ 

5.  SMALL  CORRELATION  LENGTH  CASE 


0<  z'  <  z  <  L 
0  <  z  <  Z'  <  L 


(36) 


(37) 


He  are  now  ready  to  examine  the  solution  of  the  equations  developed  in  Section  3  for 
the  field  Inside  the  randomly  stratified  medium.  The  correlation  function  (13)  must  be, 
of  course,  explicitly  known  and  in  much  of  the  work  previously  done  in  this  problem  the 
most  popular  models  adopted  were  the  exponential  a2exp(-|z-z' |/^)  and  the  Gaussian 
<72exp(-ir(z-z' )2/C,2) .  in  either  of  these  models,  stands  for  the  (non-dimensional) 
covariance  of  the  fluctuating  wavenumber,  and  Z  for  the  correlation  length,  generally 
defined  as 

e  -  ff-2  /  dz  c(z)  (38) 

Whatever  the  model,  it  can  be  shown  that  a  solution  of  the  system  of  equations  (20)  and 
(26)  is  equivalent  to  a  partial  summation  of  an  infinite  number  of  (renormalized)  pertur¬ 
bation  theory  terms  (6).  Evidently,  orders  of  truncation  higher  than  N  -  3,  have  solu¬ 
tions  equivalent  to  additional  summations  of  infinite  numbers  of  such  terms.  For  an 
efficient  use  of  the  formulation  presented  hore,  it  is  therefore  Important  to  devise  non- 
perturbatlve  methods  for  solving  the  truncated  equations.  Attempts  to  solve  such  a  sys¬ 
tem  of  equations  have  already  been  made,  but  we  shall  not  pursue  this  approach  here.  We 
shall  Instead  endeavor  to  present  a  basically  model  independent  case,  when  the 
correlation  length  is  so  small  that,  whatever  the  model,  one  can  approximate  the 
correlation  function  by  a  Dirac  function: 

C(Z  -  Z')  “  5(2  _  2')  (0  <  z,z'  <  L)  (39) 

where 

>)  »  I  .  (40) 

In  this  case,  equations  (20)  and  (26)  become 

and 

*o‘=''> 

-  2i)k3  [g(z,z)  ^i(z;z')  +  G(z,z')  ^i(z’;z)] 


(42) 
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respectively.  Let  us  now  note  that,  if  ki2.  «  1,  as  it  should  in  order  for  the  approxima¬ 
tion  (39’)  to  be  justified,  the  parameter  i)  is  also  generally  small,  unless  is  much 
larger  than  unity.  If  t;  is  a  small  parameter,  the  solution  of  the  system  (41-42)  by  per¬ 
turbation  theory  is  entirely  justified.  It  should  bo  noticed  though,  that  if  <pQ  is 
sought  as  a  series  in  powers  of  and  this  series  is  truncated  and  approximated  by  a 
polynomial  (say,  of  degree  2  in  ^)  then,  because  of  (41),  the  corresponding  series  for  <pi 
should  be  approximated  by  a  polynomial  of  degree  1.  Should  powers  of  n  higher  than  the 
second  be  considered  non-negligible,  consistency  requires  examination  of  orders  of  trun¬ 
cation  higher  than  N  «  3.  Conversely,  if  powers  of  higher  than  the  first  are  negligi¬ 
ble,  than  clearly  the  M  ■>  3  order  of  truncation  still  does  not  reduce  to  the  order  N  >  2, 
because,  even  if  is  of  zero  order  in  t),  ^  is  still  not  negligible  [as  can  be  directly 
seen  from  (2S)].  However,  the  contribution  of  second  moment  of  the  field  is  of 

order  To  summarize,  if  one  considers  only  terms  of  order  rj  in  ^’Oi  iQnore  <p2i 

and  further  truncate  equation  (42)  to  read 

*  k*)  S(z  -  z')  (43) 

Consequently, 

^l(z;z')  •  k2  G(z,z')  ^o<*')  (**) 

so  that  (41)  becomes 

or,  explicitly, 

/  d?.  ^  ,.2s  ,  _  ,  .2  r.  i  1,„  -2ilcz  .  „.2ikz,i  .  ... 


^  j(Be-*^*'^  +  Ca^^'"*)]  ^p(z) 


This  equation,  resulting  from  our  assumptions,  is  a  reduced  variant  of  the  integro- 
differentlal  aquation  proposed  [8,9]  for  the  averaged  field,  which  is  itself  a  modifica¬ 
tion  of  the  Dyson  equation.  He  shall  note  first  that  if  one  attempts  to  solve  (46)  by 
using  a  straightforward  perturbation  theory  there  appear  "mixed-secular  terms",  the  pres¬ 
ence  of  which  restricts  the  values  of  L  one  might  want  to  consider.  For  this  reason,  we 
shall  use  a  two-scale  perturbation  theory  [10],  and  accordingly  introduce  the  new  varia¬ 
ble  z  X  t)z,  temporarily  considered  Independent  of  z.  If  one  then  writes  the  solution  in 
approximate  form  as 

^q(z,Z)  -  ^<°^z,Z)  +  n  (47) 


and  substitute  in  (46) 
d^  _  0^  .  0? 


dz2  Oli!^ 


.82  2  8^ 
^*1  BzBZ 


8Z2  ' 


it  follows  that  ^*?^,Z)  and  ^Jfi,Z)  satisfy  the  equations 

(^  +  k^)  ^<^^z,Z)  -  {ik^  [a  +  I  (Be’^^’'*  +  Ce^^'‘=') 

-  2  uiz}  •  ( 

Equation  (49)  is  readily  integrated,  yielding 

^^°>(z,Z)  =  r+(Z)  e'^^^  +  r.(Z)  6^*^*  .  { 

Substitution  of  (51)  into  (SO)  shows  that  the  mixed-secular  terms  disappear,  provided 

kA  r^(Z)  +  j  kBF  (Z)  +  2  g|  r^(Z)  =  0 

,  B  < 

kA  r  (Z)  +  j  kcr^(z)  -  2  g|  r_(Z)  =  o 


-kfiz  k/tz 

r+(Z)  =  a+e  +  a.e 

2 

r_(Z)  =  I  a^(A  -  ft)  e  ^ 


2 

-  I  a_  (A  +  ;*)  e‘ 


(53) 
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where 

^2  =  a2  -  BC/4  =  (1  +  3a2)/4  .  (54) 

It  follows  then  from  (50)  that 

^<^)(2,Z)  ■  -  [b  r^(Z)  e"^^’'®  +  cr_(Z)  (55) 

so  that  ^0  completely  determined  to  first  order  in  rj.  Moreover,  is  also  determined 
from  (44)  or,  more  precisely,  from 

^l(2;z')  =  G(z,s')  ^^°Nz')  .  (56) 

Finally,  the  constants  a^  must  be  determined  as  well  as  the  quantities  <R>  and  <T>,  which 
characterize  the  average  field.  Continuity  of  the  average  field  at  z  •  0  and  z  •  L 
requires  that 


1  +  <R>  -  a+o(/i)  +  a.c(-/i) 

^  ^  +  a.d(-/i)] 


and 


a+c(n,l)  +  a.c(-/i,L)  -  <T>  e 
^  [a^d(/J,L)  +  a_d(-/i,I,)  -  <T> 


-iRlL 


-ikiL 


where 


(57) 


(58) 


c(/<,L)  -  e 


■  ilcLd  -  2 


(A  -  n) 


ikl.(l  +  ^n) 


^  -3lkL(l  ^  3ikMl  *  In/*) 


d(/</ 


,  -ikl.(l  -  In/*)  2  i  ikl,(i  +  fi)M) 

,L)  •  (1  -  fn/*)  «  +  f  (A  -  )«)  (1  +  ft)/i)e 


3it;B  ■^ikli(l  -  jl)/i)  3^^  3ikl,(l  -  ^n) 

-  «  -  Hbb  •  •“>  ® 


16 


(59) 


(60) 


and 


cin)  -  c(M,0) 

d(,ii)  »  d()l,0)  (61) 

It  follows  then  from  (57)  and  (58)  that 
“±  “  *  5  [c<+/*»I*)  -  ^  d(+)4,L)] 

with 

A  -  [c()i)  +  ^  d(;i)]  [c(-p,I,)  -  d(-)*,I,)] 

•  ^  -  ^'1(/*'I')]  •  <63) 

The  energy  fluxes  inside  the  laminar  structure  can  now  be  directly  calculated  and, 
naturally,  they  emerge  as  functions  of  z; 

coh  ,4  di  1 

S  (2)  >=  -  Im  [^g(Z)  ^  <Pq(Z)  ]  (64) 

and 


incoh 
S  (z)  . 


Im  /  dz'  ^*(z;z')  ^  ^^(z;z') 

Im  p  /  dz'  |0<°^z')|^  G*(z,z')  ^  G(z;z') 


(65) 
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By  virtue  of  the  continuity  conditions  at  z  ■«  0,L,  imposed  on  both  the  average  field  and 
the  Green's  function. 


(66) 


gCOh  „ 

«coh 

Sl  = 

S  (L)  , 

likewise 

gincoh 

.  S^"=°*'(0) 

-incoh 

.incoh,, , 

Sl 

”  S  (L) 

In  the  absence  of  absorption  in  the  medium  (i.e.  when  k  is  real), 
tot 


gtot 


-tot 

Sl 


(67) 


(68) 


which  implies  that  should  be  independent  of  z,  a  direct  test  of  the  conservation  of 
energy.  In  the  presence  of  absorption,  the  difference  [S^°*'(0)  -  S^°*'(L)J/ko  clearly 
represents  the  absorptivity,  the  fraction  of  incoming  energy  absorbed  in  the  medium. 


6.  HUMERICAI,  ILLUSTRATIONS 


We  present  here  some  sample  numerical  calculations  of  the  energy  fluxes  for  a 
randomly  stratified  slab  of  width  L  •  20  cm,  with  a  chosen  correlation  length  of  2  mm. 

The  half-space  z  <  0  is  assumed  to  be  vacuum,  while  the  half-space  at  z  >  L  is  assumed 
filled  with  a  uniform  dielectric  with  e  «  Sleo-  The  average  wave  dielectric  constant  in 
the  slab  may  be  either  complex,  like  c  -  (3.2-iO,16)eo,  or  real;  e  >  3.2eo-  io  the 
latter  case,  UL  -  0.07S  at  a  frequency  of  1  GHz,  such  that  tj  >•  0.0370^  is  a  reasonably 
small  quantity  even  for  values  of  somewhat  larger  than  unity.  Alternatively,  if,  say, 

O.S,  rj  remains  small  up  to  frequencies  of  order  10  GHz  or  so.  A  small  Imaginary  part 
of  e  does  not  appreciably  affect  these  estimates. 

In  Fig.  2a  we  show  the  coherent,  incoherent  and  total  energy  fluxes,  in  units  of  the 
Incoming  energy  flux,  ko,  for  all  values  of  z.  As  expected,  the  coherent  energy  flux 
decreases  monotonically  inside  the  slab,  while  the  Incoherent  one  increases  from  negative 
values  (Indicating  transport  of  energy  towards  the  interface  z  •  0),  to  i>ositive  values. 
In  this  case  it  has  been  assumed  that  Im  k  ■  0,  and  the  total  energy  flux  results 
independent  of  z.  In  Fig.  2b  it  is  seen  that  most  of  the  energy  lost  through  absorption 
is  deducted  from  the  coherent  component. 

In  Fig.  3  we  give  the  emissivity  and  transmissivity  as  functions  of  frequency,  both 
when  Im  k  •  0  and  for  Im  k  <  0.  The  characteristic  oscillatory  behavior  is  seen  to  taper 
off  with  increasing  frequency  in  the  presence  of  absorption,  but  to  persist,  and  somewhat 
modify  its  aspect  in  the  case  of  a  pure  dielectric. 

Finally,  in  Fig.  4  we  show  the  emissivity  and  transmissivity  for  two  values  of  a^. 

As  it  can  be  seen.  Increasing  affects  the  emissivity  more  than  the  transmissivity, 
particularly  at  higher  frequencies. 

The  emissivity  curves  in  Figs.  2  and  3,  for  o.l  and  0.2,  respectively,  are 
directly  comparable  with  those  calculated  by  using  a  different  approach  in  [11],  which 
was  also  the  source  for  the  numerical  parameters  chosen  here  for  purposes  of 
illustration.  As  far  as  we  can  ascertain,  our  results  are  in  good  agreeisant  with  those 
given  in  [11]. 

7.  CONCLUDIHQ  RBNARK8 

The  case  study  examined  in  the  preceding  Section  is,  evidently,  only  one  of  a  variety 
of  cases  to  which  the  derived  theoretical  results  may  be  applied.  Moreover,  except  for 
additional  but  rather  straightforward  computational  efforts,  improved  approximations  can 
l>e  developed  to  enlarge  the  douln  of  applicability. 

Extension  of  the  aipproach  presented  in  this  work  can  also  be  made  in  other 
directions,  e.g.,  by  attempting  to  solve  the  equations  of  Section  2  without  assuming  a 
necessarily  small  correlation  length,  or  by  considering  the  case  of  oblique  incidence, 
three-dimensional  randomness,  polarization  effects,  etc.  Work  on  some  of  these  aspects 
of  the  problem  is  currently  in  progress. 
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Introduction 

The  objectives  of  the  NASA  radiowave 
Propagation  Program  are  to  enable  new 
satellite  communication  applications  and 
to  enhance  existing  satellite  communica¬ 
tion  networks.  These  objectives  are 
achieved  by  supporting  radiowave  propaga¬ 
tion  studies  and  disseminating  the  study 
results  In  a  timely  fashion. 

Over  the  years,  the  Propagation  Program 
has  made  sound  contributions  to  the  art  of 
satellite  communications.  Studies  Initi¬ 
ated  by  this  program  In  the  1980s  enabled 
the  Infant  concept  of  conducting  mobile 
communications  via  satellite  to  reach  a 
state  of  relative  maturity  In  1990.  Also 
In  the  1980s,  the  program  supported  the 
satellite  communications  community  by 
publishing  and  revising  two  handbooks 
dealing  with  radiowave  propagation  effects 
for  frequencies  below  and  above  10  GHz, 
respectively.  Furthermore,  the  Propaga¬ 
tion  Program  has  served  the  International 
community  through  Its  support  of  the 
International  Telecommunications  Union. 
It  has  also  made  great  contributions  to 
science  by  supporting  state-of-the-art 
work  at  universities. 

Currently,  the  Propagation  Program  Is 
focusing  on  the  Advanced  Communications 
Technology  Satellite  (ACTS)  and  Its  propa¬ 
gation  needs.  The  paper  gives  an  overview 
of  this  programs 's  Involvement  In  the  ACTS 
project. 


ACIS:,  t.  Swltchboaril  In  the  Sky 

The  ACTS,  now  under  construction  and 
scheduled  for  launch  In  Nay  1992,  Is  the 
main  focus  of  NASA's  Communications  pro¬ 
gram.  The  prominent  features  of  ACTS  are 
Its  use  of  electronically  hopping  spotbeam 
antennas,  onboard  switching,  and  Ka-band 
transmission.  The  use  of  spot  beam  and 
switching  technologies  enables  ACTS  to 
provide  multiple  voice  channels  to  very 
small  aperture  terminals  (VSAT)  and  to  do 
so  In  a  single  satellite  hop.  A  baseband 
processor  provides  the  switching.  System 
access  Is  based  on  time  division  multiple 
access  (TOMA)  and  demand  assignment  by  the 
network's  master  control  station.  An 


onboard  microwave  matrix  switch  Is  also 
provided,  but  Is  not  discussed  In  this 
paper.  Figure  1  shows  the  coverage  map  of 
the  ACTS  distributed  network. 

Two  hopping  beams  with  opposite  linear 
polarizations  provide  coverage  for  most 
major  cities.  With  a  1  ms  TOMA  frame  time, 
a  beam  hops  to  many  locations  with  vari¬ 
able  dwell  time  to  pick  up  the  offered 
traffic.  Each  location  Is  visited  by  Its 
beam  1000  times  a  second.  The  uplink  and 
downlink  transmissions  take  place  within 
two  1-GHz  slots  at  about  30  and  20  GHz, 
respectively. 

The  baseband  processor  demodulates  and 
stores  the  received  signals.  A  baseband 
switch  within  the  processor  routes  data  to 
Its  destination.  Interconnecting  the  two 
uplink  to  the  two  downlink  beams.  Data  Is 
subsequently  read  out  of  output  storage 
locations,  modulated,  and  transmitted  on  a 
downlink  beam.  The  modulation  used  Is 
Minimum  Shift  Keying  (NSX),  and  the  trans¬ 
mission  rate  1$  either  110  or  27. S  Mbps  on 
the  uplink  and  110  Mbps  on  the  downlink. 

Capacity  allocation  Is  made  In  64  kbps 
Increments;  In  every  1-ms  frame  period,  a 
channel  can  transmit  one  64-b1t  word 
occupying  one  time  slot. 

One  of  the  most  attractive  properties  of 
ACTS  Is  Its  ability  to  combat  fades  In¬ 
duced  by  drizzle  or  rain.  Via  a  clever 
scheme,  ACTS  1$  able  to  protect  the  entire 
distributed  network  against  signal  outages 
as  large  as  15  dB.  The  link  Is  designed 
for  a  5-  dB  clear  weather  margin,  but 
terminals  experiencing  fade  can  be  provid¬ 
ed  a  further  10-dB  fade  protection. 

To  sense  potential  fades.  ACTS  is  equipped 
with  two  propagation  beacons  at  20  and  27 
GHz.  These  beacons  are  continually  re¬ 
ceived  and  processed  at  each  ground  ter¬ 
minal  for  fade  detection.  Once  the  re¬ 
ceived  beacon  power  falls  below  a  certain 
threshold,  the  affected  terminal  sends  a 
message  to  the  network's  master  control 
station  for  further  protection. 

This  protection  is  provided  by  means  of 
burst  reduction  and  data  encoding.  The 
burst  rate  Is  reduced  four  times  resulting 
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onboard  microwave  matrix  switch  is  also 
provided,  but  is  not  discussed  in  this 
paper.  Figure  1  shows  the  coverage  map  of 
the  ACTS  distributed  network. 

Two  hopping  beams  with  opposite  linear 
polarizations  provide  coverage  for  most 
major  cities.  With  a  1  ms  TDMA  frame  time, 
a  beam  hops  to  many  locations  with  vari¬ 
able  dwell  time  to  pick  up  the  offered 
traffic.  Each  location  is  visited  by  its 
beam  1000  times  a  second.  The  uplink  and 
downlink  transmissions  take  place  within 
two  1-GHz  slots  at  about  30  and  20  GHz, 
respectively. 

The  baseband  processor  demodulates  and 
stores  the  received  signals.  A  baseband 
switch  within  the  processor  routes  data  to 
its  destination,  interconnecting  the  two 
uplink  to  the  two  downlink  beams.  Data  is 
subsequently  read  out  of  output  storage 
locations,  modulated,  and  transmitted  on  a 
downlink  beam.  The  modulation  used  is 
Minimum  Shift  Keying  (NSK),  and  the  trans¬ 
mission  rate  is  either  110  or  27.5  Mbps  on 
the  uplink  and  110  Mbps  on  the  downlink. 

Capacity  allocation  is  made  in  64  kbps 
increments;  in  every  1-ms  frame  period,  a 
channel  can  transmit  one  64-bit  word 
occupying  one  time  slot. 

One  of  the  most  attractive  properties  of 
ACTS  is  its  ability  to  combat  fades  in¬ 
duced  by  drizzle  or  rain.  Via  a  clever 
scheme,  ACTS  is  able  to  protect  the  entire 
distributed  network  against  signal  outages 
as  large  as  15  dB.  The  link  is  designed 
for  a  5-  dB  clear  weather  margin,  but 
terminals  experiencing  fade  can  be  provid¬ 
ed  a  further  10-dB  fade  protection. 

To  sense  potential  fades,  ACTS  is  equipped 
with  two  propagation  beacons  at  20  and  27 
GHz.  These  beacons  are  continually  re¬ 
ceived  and  processed  at  each  ground  ter¬ 
minal  for  fade  detection.  Once  the  re¬ 
ceived  beacon  power  falls  below  a  certain 
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message  to  the  network's  master  control 
station  for  further  protection. 

This  protection  is  provided  by  means  of 
burst  reduction  and  data  encoding.  The 
burst  rate  is  reduced  four  times  resulting 
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Note  that  these  climate  zones  correspond 
to  the  Global  rain  model  as  originally 
Introduced  by  Robert  Crane  of  Dartmouth 
College. 

Workshop  participants  took  note  of  the 
short  life  time  of  the  ACTS  satellite  (2 
to  3  years)  and  Its  approaching  launch 
date  (mid  1992).  The  time-critical  nature 
of  the  ACTS  propagation  studies  was  recog¬ 
nized,  and  It  was  strongly  suggested  that 
planning  and  terminal  development  must 
start  as  soon  as  possible.  In  response  to 
the  Workshop  recommendations,  a  two-phase 
plan  was  put  together.  Phase  I  consisted 
of  a  terminal  prototype  development  ef¬ 
fort,  and  Phase  II  consisted  of  an  experi¬ 
mental  terminal  construction  effort. 

Propagation  Terminal  Conflouratlon 

A  block  diagram  of  the  ACTS  propagation 
terminal  Is  given  In  Figure  3.  The  termi¬ 
nal  consists  of  a  single  antenna,  the  RF 
portion,  the  IF  portion,  the  receiver,  the 
Data  Acquisition  System,  and  the  radiome¬ 
ter  [2].  A  single  1-meter  antenna  was  se¬ 
lected  to  reduce  the  cost  and  size  of  the 
terminal.  The  antenna  can  accommodate 
dual -frequency  and  dual -polarization 
reception.  The  receiver  and  radiometer 
are  dual -frequency.  The  data  acquisition 
system  collects  and  temporarily  stores 
beacon  and  radiometric  data  as  well  as 
meteorological  and  other  relevant  Informa¬ 
tion.  The  stored  data  will  be  periodical¬ 
ly  dumped  on  tape  or  optical  disk  for 
transportation. 

The  beacons  at  20  and  27  GHz  have  EIRPs  of 
19  and  16  dBW,  respectively.  The  20-GHz 
beacon  Is  also  used  for  low  bit  rate 
telemetry  data  transmission.  Therefore,  a 
modulation  loss  Is  associated  with  the 
20-GHz  beacon  receiver.  Considering  a 
l-mei-er  antenna  and  a  receiver  noise 
temperature  of  about  1750  K  In  clear 
weather,  the  receiver  dynamic  range  (mar¬ 
gin  over  threshold)  for  both  frequencies 
Is  above  20  dB. 


OitaLAgalYBlB 

As  mentioned  earlier,  propagation  data 
will  be  collected  at  eight  to  ten  sites 
across  the  United  States.  The  collected 
data  will  be  provided  to  an  Investigator, 
who  Is  likely  to  be  from  a  university,  for 
data  reduction  and  analysis.  It  Is  ex¬ 
pected  that  many  centers  will  participate 
In  the  analysis  of  the  reduced  data. 
Therefore,  efforts  such  as  model  develop¬ 
ment  and  testing,  algorithm  development, 
etc.,  will  be  performed  by  more  thai.  one 
center. 

Financial  Suannri; 

NASA  is  providing  financial  support  for 
the  development  of  the  propagation  termi¬ 


nals,  and  their  Installation  and  mainte¬ 
nance.  NASA  win  also  fund  the  data 
analysis  effort  performed  by  the  principal 
Investigator  at  a  university.  Other 
centers  participating  In  the  data  analysis 
part  of  this  effort  will  finance  their  own 
expenses . 


Cnncluslon 

The  next  Workshop  on  ACTS  Propagation 
Studies  win  take  place  In  the  Los  Angeles 
area  on  November  27  and  28,  1990.  It  Is 
hoped  that  a  complete  design  of  the  propa¬ 
gation  terminal  will  be  available  for 
presentation.  Workshop  participants  will 
have  an  opportunity  to  critique  the  termi¬ 
nal  design  and  provide  comments.  The 
construction  of  a  terminal  prototype  will 
proceed  shortly  after  the  Workshop. 

The  current  plan  for  ACTS  propagation 
studies  will  be  revisited  at  the  Workshop. 
Issues  such  as  the  site  locations  of  the 
terminals,  methodology  for  data  processing 
and  model  development,  fade  mitigation 
algorithms,  etc.,  will  be  discussed. 
Although  the  study  plan  Is  not  expected 
to  be  finalized  at  this  meeting,  It  Is 
hoped  that  It  will  reach  a  degree  of 
maturity  that  can  allow  clear  guidelines 
for  the  campaign. 

The  experimental  (data  collection)  phase 
of  the  ACTS  propagation  campaign  1$  ex¬ 
pected  to  begin  In  mid  1992  and  continue 
for  at  least  2  years.  The  results  and 
findings  of  this  campaign  will  be  dissemi¬ 
nated  In  a  timely  fashion  to  the  ACTS  and 
other  technical  communities. 


AckngaltdgMnent 

The  research  conducted  in  this  publication 
was  carried  out  by  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Tech¬ 
nology,  under  a  contract  with  the  National 
Aeronautics  and  Space  Administration. 

The  author  would  like  to  acknowledge  the 
contributions  of  Dr.  D.  Chakraborty  of  JPL 
and  several  colleagues  at  Virginia  Poly¬ 
technic  Institute. 


Referenaes 

[1]  F.  Bavarian,  editor.  Presentations  of 
the  First  ACTS  Propagation  Studies  Work¬ 
shop  (APSW  I),  JPL  D-6918,  December  15, 
1989. 

[2]  F.  Bavarian,  editor.  Proceedings  of 
NAPEX  XIV,  JPL  Publication  90-27,  pp. 
178-202,  July  1,  1990. 


27-6 


DISCUSSION 


J.H.  RICHTER  ' 

Do  you  forsee  use  of  the  90-100GHz  band  for  satellite  communications 
applications  ? 

AUTHOR’S  REPLY 

Yes.  For  systems  with  no  real  time  data  transmission  requirements  and  in 
areas  of  the  world  in  which  it  does  not  rain  very  much,  such  as  Crete  in 
Greece  and  southern  California  in  the  US. 

G.  TACCONI 

What  is  the  moments  order  relevant  to  the  statistical  significance  of 
attenuation  ? 

What  is  the  stability  of  the  estimate  of  such  statistical  significance  ? 
AUTHOR’S  REPLY 

The  longer  an  observation  is  made,  the  more  stable  are  the  parameter 
estimates  derived  from  it.  In  the  ACTS  experiment,  to  ensure  good  results, 
the  observation  period  is  recommended  to  be  at  least  3  years. 
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RXSONB 

La  sophistication  des  techniques  et 
produits  de  radloconmunicatlons  et  la 
duc4a  n6ceasalre  i  leur  d^veloppement 
entralnent  un  besoln  de  demonstration 
et  de  validation  de  leurs 
architectures  et  performances. 

Ce  besoln  est  ressenti  aussi  bleu  par 
les  concepteurs  des  systAmes  que  par 
les  clients. 

Dans  ce  cadre,  un  loglciel  a  AtA 
dAveloppA  pour  dlmenslonner  le 
dAplolement  des  rAseaux  hertrlens. 

Celul-cl  fait  I'objet  du  prAsent 
exposA  oO  I'on  montre  la  diversitA  de 
ses  applications  et  I'lntArAt  de  son 
emploi  dans  I'Alaboration  des  systAmes 
complexes  de  radloconmunicatlons. 

Z.  ZMTRODbCTZOM 

Dans  I'Alaboration  des  systAmes  de 
radloconmunicatlons  dAveloppAs  par  la 
branche  B.C.C.  de  THOMSON-CSF,  11  est 
nAcessalre  de  prendre  en  cong)te  tous 
les  pararoAtres  qul  Intervlennent  dans 
I'Aventall  des  situations 
opAratlonnelles  prAvlsibles . 

Ces  paramAtres  conprennent  non 
seulement  les  caractArlstiques 
techniques  des  Aqulpements  radio,  mais 
aussi  leur  Implantation  dans  un 
envlronnement  gAographlque  dAtermlnA, 
leurs  concepts  d'emplol  sur  le  chan^ 
de  batallle  incluant  une  Aventuelle 
dAgradatlon  des  performances,  I’effet 
plus  ou  moins  favorable  des  conditions 
de  propagation,  1 'existence  possible 
de  broulllage  (E.C.M.). 

La  multiplicltA  de  ces  combinalsons 
aussi  blen  que  la  diversitA  des 
localisations  A  envlsager  pour 
1' implantation  des  matArlels  radio. 


conpte  tenu  du  relief  et  des  obstacles 
prAsents  sur  le  terrain,  ont  conduit 
B.C.C.  A  se  doter  d’un  moyen  de 
prAvlslon  puissant  et  adaptA  avec 
I'outil  de  cartographle 
radloAlectrlque  interactlf  I.R.S. 
(abrAvlaclon  pour  Interactive 
Rsdlomapping  Software) , 

ZZ.  PMSIMTATZON  CEmUOIB  IT 
APPLZCATZOMS 

En  dAveloppant  I.R.S.,  THOMSON-CSF  a 
voulu  crAer  un  outll  efflcace  capable 
de  dAtemlnet  les  performanceo 
opAratlonnelles  d'un  rAseau  nertrlen 
et  de  servlr  d'alde  A  la  dAclslon  en 
vue  du  choix  de  la  mallleure  solution 
face  A  des  contralntes  multiples. 

Cot  objectif  s'est  trouvA  attaint  par 
la  rAallsatlon  d'un  ensemble 
informatlque  modulalre  : 

«  orientA  vers  la  gestlon  scientlflque 
des  donnAes  qul  concourent  A  le 
definition  du  dAplolement  d'un 
rAseau  dans  son  envlronnement, 

•  caractArlsA  par  une  grande  souplesse 
d'utillsatlon. 

En  effet  les  donnAes,  dsns  leur  plus 
grande  partle,  peuvent  Atre 
introduites  ou  modlflAes  au  cours  de 
1' execution  du  programme  selon  des 
procedures  de  dialogue  interactlf. 

L'envlronnement  Informatlque 
nAcessalre  con^rend  une  station  de 
travail,  ayant  une  puissance  de 
12,5  Mips  et  munie  d'un  accAlArateur 
graphlque,  assoclAe  A  des  moyens 
d'Adltlon  des  rAsultats  tels  que 
console  graphlque  et  imprimante 
couleur  haute  resolution. 
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La  mlse  en  oeuvre  du  loglclel  commence 
avec  la  definition  du  the&tre  des 
operations  (figure  1)  : 

•  zone  geographique, 

•  conditions  atmospheriques, 

•  environnement  elect romagnetique. 


et  1' Implantation  des  centres  nodaux 
dans  I'avant-projet. 


ARCHITECTURE  GLOBALE  DE  LA  SIMULATION 
FIGURE  1 

Le  logiciel  utilise  en  effet,  pour  les 
calculs  de  couverture  radioeiectrique 
et  d' etude  de  connexite  des  centres 
nodaux«  un  terrain  nvunerise.  Celui-ci 
donne^  en  chaque  point  d'un  maillage 
dispose  regulierement  en  longitude  et 
latitude,  une  altitude  et  une 
information  servant  i  indiquer  la 
presence  d'un  obstacle  d'une  hauteur 
superieure  A  dix  metres  et  considere 
comme  nuisible  i  la  propagation 
herttienne . 

La  base  de  donnees  exploitees  peut 
etre  compietee  ou  etendue  sur 
certaines  zones  sensibles,  en 
utilisant  des  cartes  regionales 
numerisees  plus  precises  ou  des 
releves  topographiques  qui  peuvent 
etre  faits  localement. 

Un  point  important  est  1 'exactitude  du 
terrain  numerique  utilise  sur  lequel 
repose  la  validite  des  resultats 
ulterieurs . 


Au  cours  de  cette  etape,  une  zone  de 
terrain  peut  etre  visualisee  sous 
forme  de  : 

•  courbes  de  niveau, 

•  relief  vu  A  partir  d'un  point  donnA. 
Ces  representations  autorisent  la 
correction  des  erreurs  introduites 
eventuellement  dans  les  donnees 
relatives  au  terrain  et  au 
deploiement.  Elies  permettent 
d'affiner  le  choix  des  sites  initiaux. 

Une  fois  defini  le  thestre  des 
operations  et  retenus  les  eiqplacements 
envisages  pour  les  centres  nodaux,  une 
nouvelle  etape  consists  A  prendre  en 
compte,  grAce  A  des  modAles  physiques 
appropries,  les  caracteristlques  das 
Acpiipements  et  du  canal  de 
propagation. 

Ceci  permet  de  dAduire  les 
performances  des  materials  hertslens 
dans  leur  environnement.  Elies  sont 
etablies  A  partir  d' analyses  faites  : 

•  sur  la  connexite  des  dlffArents 
centres  nodaux, 

•  sur  les  couvertures  radioeiectrlques 
calcuiees  A  partir  d'un  ou  plusieurs 
sites. 

Pour  ce  fairs,  on  utilise  ; 

•  un  gestionnalre  de  "Base  de  donnAes" 
de  terrain  numerisA  afin  d'extralre 
des  profils  de  liaisons, 

•  un  algorithms  d'Avaluation  de 
I'attAnuation  de  propagation 
hertzlenne  I.T.S.  1.2.2.,  (cf.  [1], 
12],  O],  [4]), 

•  la  mAthode  BARTON  qui  donne  la 
qualite  (par  exeaple  sous  forme  de 
taux  d'erreurs  binalres)  d'une 
liaison  hertzlenne,  (cf.  [5],  [6], 
[7],  (81), 

•  un  ensemble  de  modules  issus  de  la 
thAorie  des  graphes,  (cf.  [9],  [10], 
111]), 

•  un  logiciel  graphique  pour  la 
restitution  "2D",  "3D",  "4D*. 

Ces  cinq  composantes  sont  dAcrites 
dans  la  partie  concernant  la  structure 
globale  du  simulateur. 
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L'int6r£t  de  cette  phase  est  : 

•  d'optiznlser  I'enplacement  des  sites, 

•  d'examlner  si  les  caract6ristlques 
globales  des  6c[uipeinents  sent 
satisfaisantes  en  termes  de 
puissance  &nise,  frequence,  hauteur 
d'a^rien,  etc. 

Les  performances  systteies  sont 
traduites  par  des  histogranvnes,  des 
cartes  radio41ectriques,  des 
graphes  ce  qui  permet  d'appr4cier 
si  la  quality  du  d^ploiement 
correspond  4  I'objectif  de  couverture 
globale . 

Le  cas  4ch4ant,  un  ou  plusieurs 
param4tres  peuvent  4tre  r4ajuat4a. 

Une  derni4re  4tape  dans  1 'Elaboration 
du  projet  vise  4  Etudier  la 
vulnErabilitE  du  rEseau  maillE  et  sa 
capacitE  4  achemlner  les  flux 
d' Informat ions. 

L'outil  de  simulation  permet 
d' observer  la  dEgradation  apportEe, 
sur  la  couverture  et  le  maillago  du 
rEseau,  par  : 

•  la  suppression  d'un  ou  plusieurs 
sites, 

•  la  prEsence  de  conditions 
climatiques  dEfavorables  4  la 
propagation, 

•  la  prEsence  de  contre-mesures 
Electronlques  (E.C.M,). 

II  est  Egalement  possible,  par  le 
blals  du  module  basE  sur  la  thEorie 
des  graphes,  de  calculer  la  charge  des 
mailles,  d'lsoler  les  groupes 
d'abonnEs  IndEpendants,  de  dEterminer 
d'autres  possibilltEs  de 
raccorderoent . 

Le  logiciel  de  cartographle 
radioElectrlque  a  EtE  dEveloppE 
inltlalement  pour  Etudier  et 
dimenslonner  le  dEplolement  d'un 
rEseau  radio,  mais  il  peut  Etre 
Egalement  utillsE  pour  : 

-  le  "design"  des  Equlpements  ; 

•  Etude  de  la  fiabllltE  des 
communications, 

•  con^ortement  des  Equlpements  dans 
diffErents  envlronnements. 


-  prEdictlon  d'une  portEe 
radioElect  rique , 

-  analyse  d'une  liaison  point  4  point. 

III.  STRDCTDRX  ET  MXSB  EH  OOTM 

L'enchalnement  des  cinq  conposantes  de 
I.R.S.  est  reprEsentE  sur  la  figure 
sulvante. 


STRUCTURE  GLOBALE 
FIGURE  2 


Ill . 1  I*  gastionnair*  da  tarzaln 
nuaftrisd 

Celui-ci  d^temlne  une  coupe  de 
terrain  4chantillonn6e  au  pas  de 
9"  X  12"  d’arc  (250  m  x  250  m) . 

Cheque  point  du  terrain  num6ria6 
rep^r6  par  ses  coordonn6es  (longitude, 
latitude)  est  caract4ris6  par  : 

-  son  altln^trle, 

-  son  "sur-sol"  (existence  de 
v4g6tatlon  ou  d'infrastructure) . 

Four  extralre  les  Informations 
concernant  un  point  num^rlsd,  on 
utilise  les  trols  types  de  flchlers 
suivants  : 

(1)  Flchler  catalogue  des  cartes, 

(2)  Flchlers  "altimetries", 

(3)  Flchlers  "sur-sol". 

Le  flchler  catalogue  permet  de  falre 
la  correspondance  entre  les 
coordonnees  d'un  point  et  la  carte  qui 
le  contlent  ;  celle-cl  est  Identifies 
par  un  numero. 

Les  donnees  obtenues  i  partlr  de 
coupes  successlves  sont  utlllsees  pour 
etabllr  des  cartes  geographlques  et 
radloeiectrlques  d'une  region  sltuee 
au  nord-est  de  la  FRANCE. 

IIZ.2  tTaluatlon  de  I'affalblisaeaent 
de  propagation 

L'algorlthme  de  propagation  I.T.S. 
1.2.2.,  resultant  de  travaux  menes  sur 
une  perlode  de  vlngt  annees  aux  U.S.A. 
par  1' "Institute  for  Telecommunication 
Sciences",  permet  d'evaluer 
1' attenuation  de  propagation  par  ondes 
de  sol  ou  diffusion  tropospherique. 

Celul-ci  est  base  sur  la  tneorie 
eiectromagnetlque  et  sur  des  analyses 
statistlsques  des  caracterlstlques  du 
terrain  et  des  mesures  de  propagation. 
II  predlt  la  valeur  mediane  de 
1' attenuation  comme  fonction  de  la 
distance,  et  estlme  les  variations  du 
signal  dans  le  ten^s  et  I'espace. 

Le  models  est  consldere  comme  seml- 
empirlque,  pulsqu'll  combine  des 
theories  eiementalres  avec  des  donnees 
experlnventales . 


L'algorlthme  associe  au  models  est 
congu  pour  fitre  utilise  entre  20  MHz 
et  20  GHz  en  traltant  une  grande 
variete  de  distances  et  de  hauteurs 
d’antennes  :  11  est  parfaitement 
adapte  pour  analyser  les  situations  oil 
le  terrain  joue  un  rOle  important. 

Pour  le  calcul  de  1' attenuation,  le 
modeie  utilise  des  traltements 
theoriques  relatifs  k  : 

-  la  reflexion  sur  un  terrain  rugueux, 

-  la  refraction  A  travers  une 
atmosphere  standard. 

-  la  diffraction  autour  de  la  terre  et 
au-dessus  d'obstacles  e  flancs 
raldes, 

-  la  diffusion  tropospherique. 

La  mlse  en  oeuvre  de  l'algorlthme  est 
flexible  selon  deux  modes  genAraux 
d'utilisation  : 

-  calcul  d'un  affaibllssement  median 
pour  une  liaison  donnee, 

-  analyse  statlstlque  de 

1' affaibllssement  de  propagation. 
Dans  ce  mode,  l'algorlthme  donne  une 
valeur  d' affaibllssement  en 
Indlquant  les  degres  de  conf lance 
dans  celle-ci  (par  exemple  sous 
forme  de  :  probablllte  temporelle  et 
probablllte  de  service) . 

Le  modeie  est  "statlstlque",  en  effet 
le  signal  regu  fluctue  k  cause  ; 

-  des  variations  tenporelles  Induites 
par  des  conditions  atmospheriques 
changeantes, 

-  des  variations  spatlales  dues  aux 
dlfferentes  configurations  de 
terrain. 
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ARCHITECTURE  DE  L ' ALGORITHME  I.T.S. 
FIGURE  3 


visibility  radloyiectcique/  la 
diffraction  est  le  phynomyne 
dominant  Intervenant  dans  la 
propagation. 

La  mythode  de  prydlction  calcule 
une  valeur  moyenne  pondyrye  Ad 
rysultant  de  1 'estimation  de  la 
diffraction  due  A  2  obstacles  A 
f lanes  raides  et  A  un  terrain 
rugueux  (sphyrlcpie) . 

A  des  distances  yievAes  au-delA 
de  1 'horizon  radioAlectrique/  la 
diffusion  troposphyrique  est  le 
phAnomyne  prApondArant .  La 
mAthode  de  prAdiction  pour  ces 
distances  est  celle  de  Rice 
(1967)  qui  a  AtA  partiellement 
adopt Ae . 


III. 2.1  Principe  gAnAral  dee  caloula 

Ce  paragraphs  dAcrit  1' utilisation  des 
dlffArents  paramAtres  globaux  servant 
A  calculer  1 'affaibllssement  de 
propagation. 


La  valeur  L„  caractArisant 
1' affaibllssement  de  propagation  est 
done  la  somme  de  1' affaibllssement  de 
propagation  en  espace  llbre  et  de 
1 'affaibllssement  de  rAfArence  AREF 
entre  antennes  Isotropes. 


L' affaibllssement  en  espace  libre 
est  dAfinl  par  : 


Lbf  -  32,5  +  20  logiQf  +  20  log^jl  (dB] 


f  :  frAquence  [MHz], 
d  :  longueur  de  la  liaison  [Icm] . 


L'attAnuatlon  de  rAfArence  AREF  est 
cslculAe  en  utllisant  des  mAthodes 
basAes  sur  I'Avaluation  de  dlffArents 
modes  de  propagation  relatlfs  A  trois 
types  de  distance  (figure  4) : 


L'attAnuatlon  da  rAfArence  AREF  pour 
la  propagation  transhorizon  est  solt 
I'attAnuatlon  de  diffraction  Ad,  soit 
I'attAnuatlon  de  diffusion  As.  On 
cholsit  la  plus  petite  des  deux.  La 
distance  A  laquelle  la  diffraction  et 
la  diffusion  sont  Agales  est  dAfinie 
par  dX. 


ttAtlOK 

d'mfAlOM 


ItAtlM 
di  riMptioit 


» I  rAdMlKtiiqwf.  lolt  d»  I'eptlqut 
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» t  di  yoyftioa 

Mt  U  9MM  d»f  CMtrlbvtloM  rtUUvM  A  U 
dlffrictlM  iv  Un*  Uim  tt  isr 

Urr*  nfWAM  optfortut  *«  miIm  d»u 
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Dui  ettt#  lOM  U  a'y  A  pM  d*  vlilblUtd 
rAdlodlfctriqw  titx*  H  It  rdctpttir. 

1 1  !  I'AffaibliiAtttAt  d»  proptfAtiM  t»t  rtlttlf 
i  U  dlffwlM  trtpMfWrtpit,  pWioidat 
PfdpoadirMt  I  dii  dlaUacti  iltvdti 

dwrlirt  rktrliM  radtotltetrlqit 


-  Liaison  A  vue  directs 


MODES  DE  PROPAGATION 
FIGURE  4 


Lea  formules  relatives  A  I'optique 
gAomAtrique  (ThAorie  des  2  rayons) 
sont  utlllsAes  pour  calculer 
I'attAnuatlon. 

-  Propagat'on  transhorizon 

•  Juste  au-delA  de  la  zone  de 


Pour  fournir  AREF  conme  function 
continue  de  la  distance,  les  mAthodes 
suivantes  sont  utllisAes  : 

1)  A  "vue  dizecte" 

Quand  les  antennes  d'Amission  et 
rAceptlon  sont  en  vislbilltA 
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radio61ectrique  I'une  de  I'cutre,  la 
th6orie  des  2  rayons  de  I'optique 
g6om6trique  s' applique  pour  calculer 
les  attenuations  AO  et  A1  aux 
distances  sp4ci£iees  dO  et  dl  qui  sont 
en  deci  de  la  zone  transhorizon. 

La  distance  dO  est  choisie  pour 
approximer  la  plus  grande  distance  e 
laquelle  1' attenuation  ne  depasse  pas 
1' attenuation  de  propagation  en  espace 
libre. 

La  distance  dl  est  superieure  k  dO, 
mais  comprise  dans  des  limites  qui 
permettent  d'appliquer  la  theorie  de 
I'optique  geometrique. 

Les  m6thodes  d6crites  aux  alineas 
suivants  sont  utilis6es  pour  calculer 
I'attenuation  de  diffraction  ALS  k  la 
distance  dLS, 


La  theorie  de  la  diffraction  sur 
obstacles  A  flancs  raides  est  utilises 
pour  estimer  I'attenuation  au-dessus 
d'une  colline  isoiee  ou  d'une  crfite. 

Dans  1 'application,  I'attenuation  de 
diffraction  Ak  est  calcuiee  comme  si 
la  liaison  radio  interceptait  2  crdtes 
isoiees  e  flancs  raides. 

En  general,  pour  un  terrain 
irregulier,  I'attenuation  de 
diffraction  Ad  est  calcuiee  comme 
ponderation  des  deux  estimations  Ar  et 
Ak. 

Ad  -  (1  -  W)  Ak  +  W  Ar  [dB]  (6) 

Le  facteur  de  ponderation,  W,  est 
determine  emp' riquement  comme 
fonction  de  la  frequence  radio  et 
des  parametres  relatlfs  au  terrain. 


Les  trois  valeurs  d' attenuation  AO,  A1 
et  ALS  calcuiees  aux  distances  dO,  dl 
et  DLS  respectlvement  sont  utillsees 
pour  determiner  lea  pentes  kl  et  k2  de 
la  courbe  "lissee"  reprOsentant  AREF 
en  fonction  de  la  distance 
d  (1  <  d  <  dLS) . 

AHEF  -  AO  +  kl  (d-dO)  +  k21ogio  (3) 

La  distance  e  1' horizon  sur  une  terre 
llsse  dLS  peut  etre  plus  grande  que  la 
distance  i  1' horizon  dL  sur  une  terre 
rugueuse. 

La  formule  (3)  peut  etre  simpllfiee 
par  ; 

I^Ae  -  AO  -  kl  dO  -  k2  logio(dO)  [dBjJ  (4) 

AREF  -  Ae  +  kl  d  +  k2  logigfd)  (dBJ  <5) 

Des  mOthodes  detainees  sont  donnees 
pour  calculer  kl  et  k2. 

2}  Par  diffraction 


L'attenuation  de  diffraction  Ad  est 
calcuiee  aux  distances  d3  et  d4  dans 
les  zones  de  diffraction  eiolgnees. 
Une  ligne  droite  est  tracOe  entre 
les  points  (A3,  d3)  et  (A4,  d4)  et 
est  deflnle  par  le  point  origins 
Aed  (pour  d  »  0)  et  la  pente  md 
comme  suit  : 


AfO  est  un  facteur  de  "clutter". 


L'attenuation  de  reference  h  touts 
distance  d  telle  que  dLS  <  d  <  dx 
est  donnOe  par  : 


AREF  =  Ad  =  Aed  +  (md  X  d)  [dB] 


(9) 


3)  Par  diffusion  troposphAriqua 


Lorsque  la  distance  d  ou  la  distance 
angulaire  8  est  eievAe,  (0  -  e  +  d/a 
radians) , 


L'attenuation  de  diffraction  est 
calcuiee  en  combinant  respectlvement 
des  estimations  Ak  et  Ar  de  la 
diffraction  sur  des  obstacles  i  flancs 
raides  (theorie  de  Fresnel-Kirchoff) 
et  sur  terre  sphArique  lisse  (thAorie 
de  la  diffraction  dAveloppAe  par 
Vogler  (1964)). 


d  ^  longueur  de  la  liaison, 
a  »  rayon  radio  terrestre, 
e  “  somme  des  angles  de  site  Amission 
et  reception. 

l'attenuation  de  diffusion  As  peut 
At re  infArieure  A  1' attenuation  Ad 
relative  au  phAnomAne  de  diffraction. 
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Lorsque  le  prodult  distance  d  (km)  par 
distance  angulalre  0  (rd)  excMe  0,5  , 
1 'attenuation  de  diffusion  As  est 
calcuiee  pour  Otre  comparee  A  Ad. 


varlablllte  de  situation  : 
variation  dans  la  varlablllte  de 
lieu,  qul  se  prodult  de  situation  A 
situation. 


Pour  certalnes  valeurs  du  prodult  Od, 
1 'attenuation  As  est  supposes  avoir 
une  dependance  llnealre  sur  la 
distance,  cependant  As  est  calcuiee  A 
deux  distances  dS  et  d6.  Une  llgne 
drolte  joint  les  points  (AS,  dS)  et 
(A6,  d6)  et  est  dAflnle  par  le  point 
Initial  Aes  (pour  d  ••  0)  et  par  la 
pente  ms. 


Aes  -  AS  -  (ms  X  d5)  (dB] 


(10) 


L'ordre  dans  lequel  les  trols  types  de 
varlablllte  apparalssent,  donne  quatre 
facons  de  les  combiner,  qul  ont  toutes 
des  utilisations  leqltlmes  pour  tel  ou 
tel  type  de  service. 

Nous  appellerons  cecl  les  quatze  nodes 
ds  vazlsblllte  : 

-  mode  0  :  message  seul 

Les  varlabllltAs  de  tenps,  de  lieu 
et  de  situation  sont  comblnAes  pour 
donner  un  niveau  de  conflance. 


ms  -  (A6  -  AS)  /  (d6  -  dS)  [cB] 


(11) 


L'attAnuatlon  de  rAfArence  AREF  A 
toute  distance  d  supArleure  A  dx, 
est  donnAe  par  : 


AREF  -  As  -  Aes  -t-  (ms  X  d)  [(£] 


(12) 


XZX.2.2  Analyse  atatlstlque  du  signal 


Le  modAle  I.T.S.  Longley-Rice 
dans  sa  version  1.2.2.  comports  un 
module  de  calcul  de  la  variabllltA 
du  signal,  qul  exclut  a  priori  la 
variabllltA  A  court  terme,  ou  les 
petltes  varlabllltAs. 


Ce  module  restltue  la  valeur  AVAR  qul 
est  la  somme  du  terme  AREF  et  de 
termes  prenant  en  compte  les 
variations  statlstlques  du  signal. 


-  mods  1  :  mode  indlvlduel 

La  flabllltA  est  donnAe  par  la 
disponlbllitA  au  cours  du  temps, 
alors  que  la  conflance  est  une 
combinalson  de  la  variabllltA  de 
lieu  et  de  situation, 

-  mode  2  ;  mode  mobile 

La  flabllltA  est  une  combinalson  de 
la  variabllltA  ds  tenps  et  de  lieu, 
alors  que  la  conflance  est  donnAe 
par  la  variabllltA  de  situation, 

-  mode  3  :  mode  "radiodiffusion" 

La  flabllltA  est  donnAe  par 

1' assertion  A  deux  paramAtres 
IndApendants  d'une  fraction  au  molns 
0^  du  temps,  pour  une  fraction  d'au 
molns  Qj  des  lleux  (configuration  de 
propagation),  la  conflance  est 
donnAe  par  la  variabllltA  de 
situation. 


II  faut  noter  que  I'affalblissement 
global  mAdlan  est  donnA  par 
) 'Aquation  (1)  ;  avec  statlstique,  11 
est  dAtermlnA  par  : 


(13) 


AVAR  est  dAtermlnA  A  partlr  de  trols 
paramAtres  qul  dAflnlssent  les  types 
de  variabllltA  ; 

-  variabllltA  dans  le  temps  : 
variation  des  mAdlanes  horalres 
locales  sur  un  profil  de  liaison 
donnA,  au  cours  du  temps, 

-  variabllltA  de  lieu  : 
variabllltA  dans  les  statlstlques  A 
long  terme  d'un  profil  de  liaison  A 
un  autre. 


De  plus,  11  exlste  encore  deux  options 
possibles  pour  chaque  mode  de  calcul  : 

-  une  premlAre  option,  dans  laqpielle 
on  Alimine  la  variabllltA  de  lieu, 
comme  cela  est  naturel  dans  le  cas 
oA  I'on  tralte  un  profil  de  liaison 
blen  dAfinl,  dans  le  mode  point  A 
point, 

-  une  seconde  option,  dans  laquelle  on 
Allmlne  la  variabllltA  de  situation 
dlrecte,  comnve  cela  est  naturel 
lorsque  I'on  considAre  des  problAmes 
d'lnterfArence.  II  est  A  noter  qu'il 
peut  encore  rester  une  petite 
variabllltA  de  situation  rAslduelle. 
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III. 2. 3  Parao^tres  globauz  int6gr6s 

Les  principaux  param^tres  qui 

interviennent  dans  le  calcul 

d'attfenuation  entre  antennes 

isotropes,  sont  les  suivants  : 

1)  Paraaktxas  systtaaa 

-  Fr6quence  :  20  MHz  <  F  <  20  GHz. 

La  frequence  porteuse  du  signal  est 
utills^e, 

-  Hauteurs  d'antenne  : 

0,5  m  <  H  <  3000  m. 
repr^sentent  la  hauteur  entre  les 
centres  de  radiation  et  le  sol, 

-  Polarisation  des  antennes  ; 
verticals  ou  horizontals. 

2)  Pazaiaktraa  d'anvlronnataant 

-  G6ographique  : 

■  coupe  de  terrain  entre  les  deux 
termlnaux, 

•  nature  du  terrain  (sec,  moyen, 
humide,  verdoyant,  mer  ...) , 

La  nature  du  terrain  est 
caract6rls6e  par  la  permittivity 
relative  et  la  conductivity 
yiectrlque  du  sol. 

-  Cllmatlque  : 

•  Nai.''re  du  climat 

Sept  types  couvrant  le  globe 
peuvent  ytre  traltys  par  le 
modyie  (yquatorlal,  continental 
subtropical,  maritime 
subtropical,  dysertlque,  tempyry 
continental,  maritime  tempyry  sur 
terre  et  sur  mer) , 

•  Co-indice  de  ryfraction 
Associy  au  type  de  climat,  11 
sert  i  caractyciser  I'atmosphyre 
et  ses  variations  dans  le  temps. 

-  Electromagnytique  : 

Les  paramytres  sont  traltys  par  la 
mythode  BARTON. 

-  Statistlque  (exemple  donny  pour  le 
mode  indivlduel) . 

I,e  niveau  du  signal  regu  ytant 
fluctuant,  I'attynuatlon  de 
propagation  peut  ytre  estlmye  4 
I'alde  d'une  probability  temporelle 
Qt  et  d'une  probability  de  service 
Qc. 


•  Probability  temporelle 

Cela  signifie  que  la  valeur 
moyenne  de  I'affaibllssement 
prise  en  compte  sur  une  heure 
sera  infyrleure  A  ce  niveau 
pendant  Qt  %  des  heures  de 
I'annye. 

•  Probability  de  service 

D* autre  part,  11  est  yvident  que 
les  calculs  d'affaiblissement 
sont  effectuys  A  partlr  de 
certains  paramAtres  globaux 
(angles  de  site,  distance 
yqulvalente,  co-indice  de 
ryfraction  atmosphArlque  ._)  qul 
ne  refiytent  qu'lnparfaltement 
1* ensemble  des  donnAes  rAelles 
d'une  liaison  donnAe. 

C'est  A  ce  problAme  que 
correspond  la  notion  de 
probability  de  service  Qc. 
L'affalbllssement  A  Qc  %  est  la 
valeur  non  dApassAe  (au 
pourcentage  de  temps  consldAry) 
par  Qc  %  des  liaisons  ayant  mAmes 
paramAtres  q[ue  ceux  de  la  liaison 
ytudlAe. 

II  faut  noter  que  I'attynuatlon 
globale  L^^,  calculAe  sans 
statistlque,  est  une  valeur 
mAdlane  et  correspond  en  fait  A 
Qt  “  50  %  et  Qc  “  50  %. 

III. 3  Analyse  systtae  d'une  liaison 

La  mAthode  BARTON  permet  d'estlmer  la 

quality  d'une  liaison  en  quantlflant 

1' interaction  entre  : 

•  les  caractArlstlques  des  Aqulpements 
radio, 

•  I'environnement  AlectromagnAtlque 
(bruits  galactique,  atmosphArlque, 
industriel,  prAsence  de  contre- 
mesures) , 

•  la  propagation  AlectromagnAtlquo. 
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Certains  paramAtres  dicrlvant  cat 
anvironnement  sont  utilises  saulamant 
lors  da  I'^tude  da  vulnArabllitA  du 
rAsaau  hartzlen  face  A  un  broulllaur 
(da  type  S.O.J.)  posltionnA  A 
distance. 


•  La  menace  est  caractArisAe  par  : 

•  la  densitA  de  puissance  Amise  par 
la  broulllaur  dPBrE  (an  N/Hz) 

dPBrE  -  - 

NC  X  B 

PBr  :  puissance  Amise  par  le 
brouilleur  (an  H) 

B  :  largeur  d'un  canal  (en  Hz) 
NC  :  nombre  de  canaux 

susceptibles  d'Atre 
broulllAs  simultanAment . 


-  la  localj-i  Ion  du  brouilleur  : 


-  DBr  'Jin  .uce  entre  la  maille  du 
iA»  ’’  I  .onsldArAe  (cfltA 
rAception)  et  le  brouilleur 
(en.  )un) , 


~  ALTIBr  altitude  A  laquella  est 
sltuA  le  brouilleur  (en  m) . 

-  Bruit  atmosphArique  et  galactiqua 

En  dehors  du  brouillage  d'origine 
humaine,  I'envlronnement  se 
manlfaste  par  des  Amissions  radlo- 
Alactrlques.  La  terme  prApondArant 
jusqu'A  20  MHz  est  la  bruit 
atmosphAriqua/  essentiallament  d(i 
aux  Adairs  lors  des  oragas. 

De  20  MHz  A  200  MHz,  la  bruit 
galactiqua  deviant  prApondArant. 

Le  fsjteur  da  bruit  galactiqua  vaut 
un  pau  plus  de  20  dB  A  20  MHz,  il 
dAcrott  da  20  dB  par  dAcada  (niveau 
0  dB  A  200  MHz  environ) .  Au-delA  da 
300  MHz,  le  bruit  galactiqua  paut 
Atra  considArA  comma  nAgligeable 
[RAfArance  da  bruit  :  kT,B  avac 
T,  -  300  K]  . 

B  :  largeur  da  la  bands  passanta 
(an  Hz) 

T, :  tempAratura  da  rAfArance  (K) 
k  :  constante  de  Boltzman  : 

1.38  10*”  J/K 

-  Parasites  industrials  et  urbains 

Las  parasites  industrials  sont  crAAs 
par  un  grand  nombre  d'Aquipamants 
divers  prAsentant  des  rayonnamants 
parasites.  Certains  de  cas 
Aquipamants  sont  sApartorlAs  au 
tltre  das  I.S.M.  (Apparails 
Industrials,  scientiflquas  at 
mAdicaux  ...) . 

Si  le  rAseau  AtudiA  est  dAployA  an 
zone  rurale,  las  parasites  sont  la 
plus  souvent  infArleurs  au  bruit 
galactique.  Celui-ci  ast  alors  le 
paramAtre  A  prendre  en  compte  pour 
Atablir  la  portAa  d'un  Ametteur  an 
ce  qui  concerns  sa  zone  de  service 
et  sa  zone  da  brouillage. 
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in  a  6-  dB  additional  margin.  Coding  gain 
yields  an  additional  4  dB  of  margin.  The 
allowable  burst  rates  in  the  fade-protect¬ 
ion  mode  are  55  and  13.75  Msps.  Burst 
rate  reduction  does  not  affect  the  infor¬ 
mation  transmission  rate  of  a  terminal; 
however,  it  results  in  an  overhead  for  the 
system..  That  is,  it  takes  four  time  slots 
to  transmit  a  telephone  circuit,  whereas, 
under  the  clear-weather  condition,  it 
would  take  one  time  slot.  Because  of  the 
resulting  system  overhead,  fade  protection 
must  be  used  prudently  to  prevent  unneces¬ 
sary  network  loading. 

Propagation  Effects  and  the  ACTS  Network 

As  stated  earlier,  ACTS  is  able  to  combat 
atmospheric-induced  impairments  up  to  15 
dB  of  fade.  Because  of  its  Ka-band  trans 
p62  mission,  fades  caused  by  rain  and,  to 
a  lesser  degree,  by  clouds  will  be  fre¬ 
quently  observed  in  the  ACTS  distributed 
network.  As  an  exemple.  Figure  2  shows 
the  cumulative  attenuation  statistics  at 
20  and  30  GHz  for  Blacksburg,  Virginia, 
with  an  elevation  angle  of  45*  and  vertical 
polarization.  It  can  be  noted  from  this 
figure  that  fades  of  5  dB  or  higher,  and 
15  dB  or  higher,  occur  with  percentages  of 
1.0  and  0.05,  respectively,  at  30  GHz. 
Therefore,  ACTS  provides  an  availability 
factor  of  99*  for  a  terminal  at  Blacksburg 
without  dynamic  fade  protection.  The 
availability  factor  Is  elevated  to  99.95* 
for  the  same  terminal  by  Introducing  the 
dynamic  fade  protection  feature,  I.e., 
burst  rate  reduction  and  coding.  This 
example  clearly  demonstrates  the  Impor¬ 
tance  of  the  Atmospheric  effects  on  the 
performance  of  a  link  and  the  ACTS  ability 
to  Improve  link  availability. 

Note  that  ACTS  Is  not  an  operational 
satellite  (it  is  an  experimental  system) 
and,  therefore,  the  validity  of  a  fade 
protection  scheme  and  Its  associated 
threshold  values  and  parameters  should  be 
verified  experiments,  .y  as  well  as  analyt¬ 
ically.  Robust  fade  detection  schemes 
need  to  be  developed  to  ensure  high  proba¬ 
bility  of  correct  fade  detection  and  low 
probability  of  a  miss.  Fu’'thermore,  to 
determine  link  availability  for  different 
climate  regions,  propagation  data  Is 
needed. 

To  address  the  ACTS  needs  In  the  area  of 
propagation,  a  workshop  was  convened  by 
the  invitation  of  the  Propagation  Program 
[1].  The  workshop  agenda  Included  plan¬ 
ning  for  the  ACTS  propagation  studies. 
The  objectives  of  the  workshop  were  to 
Identify  general  and  ACTS-related  propaga¬ 
tion  needs,  and  to  prepare  recommendations 
for  a  study  plan  Incorporating  scientific 
and  systems  requirements  related  to  de¬ 
ployment  of  8-10  propagation  terminals  in 
the  USA  In  support  of  ACTS  experimental 
activities.  The  Workshop  took  place  in  the 
Los  Angeles  area  on  November  27  and  28, 


1989,  and  was  attended  by  about  40  partic¬ 
ipants.  At  the  conclusion  of  the  Work¬ 
shop,  many  recommendations  regarding 
propagation  studies  for  ACTS  were  made. 

Results  of  Workshop  Deliberations 

A  brief  summary  of  recommendations  result¬ 
ing  from  the  workshop  deliberations  is 
given  below.  The  recommendations  are  to: 

0  Complete  models  for  the  prediction  of 
attenuation  statistics  in  climate 
regions  of  the  USA  that  have  not  been 
studied. 

0  Obtain  a  statistical  description  of 
attenuation  and  individual  propaga¬ 
tion  events,  such  as  fade  slope,  fade 
durations,  and  interfade  intervals, 
for  annual  time  percentages  of  1  to 
10*  needed  for  the  design  of  low- 
margin  communications  systems. 

0  Develop  algorithms  for  the  dynamic 
allocation  of  communication  resourc¬ 
es. 

0  Provide  a  statistical  description  of 
the  physical  processes  that  give  rise 
to  attenuation  in  the  next  higher 
window  (about  90  GHz)  needed  for  the 
design  of  higher  frequency  communica¬ 
tion  systems. 

The  Workshop  also  considered  the  desir¬ 
ability  of  recording  various  propagation 
parameters  and  certain  environmental  data, 
and  recommended  that  the  terminal  be 

configured  to  record  the  following  propa¬ 
gation  and  meteorological  parameters: 

0  Beacon  receiver  levels  at  20  and  30 
GHz. 

0  Radiometric  sky  noise  (brightness) 

temperature  at  20  and  30  GHz. 

0  Point  rain  rate  near  the  terminal. 

0  Atmospheric  temperature  and  humidity 

at  the  earth's  surface. 

0  Ambient  temperature  of  sensitive 

components  affecting  the  measurements 
of  receiver  signal  level  and  sky 
noise  temperature. 


Seven  regions  for  making  propagation 
observations  were  recommended  as  follows: 


Region  Climate  Zone 


Colorado  B2 
Western  Washington  C 
Northern  Hichlgan  D1 
New  Hampshire  D1 
North  Carolina  D3 
Florida  E 
Southern  California  F 
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Note  that  these  climate  zones  correspond 
to  the  Global  rain  model  as  originally 
introduced  by  Robert  Crane  of  Dartmouth 
College. 

Workshop  participants  took  note  of  the 
short  life  time  of  the  ACTS  satellite  (2 
to  3  years)  and  its  approaching  launch 
date  (mid  1992).  The  time-critical  nature 
of  the  ACTS  propagation  studies  was  recog¬ 
nized,  and  it  was  strongly  suggested  that 
planning  and  terminal  development  must 
start  as  soon  as  possible.  In  response  to 
the  Workshop  recommendations,  a  two-phase 
plan  was  put  together.  Phase  I  consisted 
of  a  terminal  prototype  development  ef¬ 
fort,  and  Phase  II  consisted  of  an  experi¬ 
mental  terminal  construction  effort. 

Propagation  Terminal  Configuration 

A  block  diagram  of  the  ACTS  propagation 
terminal  is  given  in  Figure  3.  The  termi¬ 
nal  consists  of  a  single  antenna,  the  RF 
portion,  the  IF  portion,  the  receiver,  the 
Data  Acquisition  System,  and  the  radiome¬ 
ter  [2].  A  single  1-meter  antenna  was  se¬ 
lected  to  reduce  the  cost  and  size  of  the 
terminal.  The  antenna  can  accommodate 
dual -frequency  and  dual -polarization 
reception.  The  receiver  and  radiometer 
are  dual-frequency.  The  data  acquisition 
system  collects  and  temporarily  stores 
beacon  and  radiometric  data  as  well  as 
meteorological  and  other  relevant  informa¬ 
tion.  The  stored  data  will  be  periodical¬ 
ly  dumped  on  tape  or  optical  disk  for 
transportation. 

The  beacons  at  20  and  27  GHz  have  EIRPs  of 
19  and  16  dBW,  respectively.  The  20-GHz 
beacon  is  also  used  for  low  bit  rate 
telemetry  data  transmission.  Therefore,  a 
modulation  loss  is  associated  with  the 
20-GNz  beacon  receiver.  Considering  a 
l-rcei-er  antenna  and  a  receiver  noise 
temperature  of  about  1750  K  in  clear 
weather,  the  receiver  dynamic  range  (mar¬ 
gin  over  threshold)  for  both  frequencies 
is  above  20  dB. 


Data  AnalY8l» 

As  mentioned  earlier,  propagation  data 
will  be  collected  at  eight  to  ten  sites 
across  the  United  States.  The  collected 
data  will  be  provided  to  an  investigator, 
who  is  likely  to  be  from  a  university,  for 
data  reduction  and  analysis.  It  is  ex¬ 
pected  that  many  centers  will  participate 
in  the  analysis  of  the  reduced  data. 
Therefore,  efforts  such  as  model  develop¬ 
ment  and  testing,  algorithm  development, 
etc.,  will  be  performed  by  more  thai.  one 
center. 


nals,  and  their  installation  and  mainte¬ 
nance.  NASA  will  also  fund  the  data 
analysis  effort  performed  by  the  principal 
investigator  at  a  university.  Other 
centers  participating  in  the  data  analysis 
part  of  this  effort  will  finance  their  own 
expenses . 


ConclJisiop 

The  next  Workshop  on  ACTS  Propagation 
Studies  will  take  place  in  the  Los  Angeles 
area  on  November  27  and  28,  1990.  It  is 
hoped  that  a  complete  design  of  the  propa¬ 
gation  terminal  will  be  available  for 
presentation.  Workshop  participants  will 
have  an  opportunity  to  critique  the  termi¬ 
nal  design  and  provide  comments.  The 
construction  of  a  terminal  prototype  will 
proceed  shortly  after  the  Workshop. 

The  current  plan  for  ACTS  propagation 
studies  will  be  revisited  at  the  Workshop. 
Issues  such  as  the  site  locations  of  the 
terminals,  methodology  for  data  processing 
and  model  development,  fade  mitigation 
algorithms,  etc.,  will  be  discussed. 
Although  the  study  plan  is  not  expected 
to  be  finalized  at  this  meeting,  it  is 
hoped  that  it  will  reach  a  degree  of 
maturity  that  can  allow  clear  guidelines 
for  the  campaign. 

The  experimental  (data  collection)  phase 
of  the  ACTS  propagation  campaign  is  ex¬ 
pected  to  begin  in  mid  1992  and  continue 
for  at  least  2  years.  The  results  and 
findings  of  this  campaign  will  be  disseni- 
rated  in  a  timely  fashion  to  the  ACTS  and 
other  technical  communities. 
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V  COMCLOSKM 

L'^tude  pr^vlsionnelle  des 
performances  d'un  ensemble  conplexe  de 
liaisons  hertziennes  dans  des 
conditions  d'envlronnement  r^elles  est 
devenue  realisable  grSce  aux 
puissances  de  calcul  et  i  la  quality 
des  Interfaces  graphlques  dlsponlbles 
sur  les  ordlnateurs. 

Les  modules  de  simulation  (type 
I.R.S.)  donnent  aux  concepteurs  un 
moyen  de  g^r.er  la  conplexlte  du 
deplolement  des  systemes  de 
radlocommunlcatlons  et  d'en  ameilorer 
la  qualite. 


[12]G.D.  6IERHART  AMD  M.E.  JOHNSON 
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DISCUSSION 


C.GOUTELARD,FR 

Vous  avez  £ut  allusion  k  I’utilisation  des  cartes  relev^es  par  le  satellite 
fran^ais  SPOT  qui  donne  actuellement  les  images  ayant  les  meilleures 
definitions  avec  des  cellules  de  20m  x  20m. 

La  diminution  des  cellules  d’analyse  entraine  la  remontee  d’autres 
phenomenes  dans  les  parametres  du  module,  comme  les  caracteristiques 
eiectromagnetiques  du  sous-sol  oil  les  constructions  comme  les  lignes  de 
chemin  de  fer,  les  routes, ... 

Pouvez-vous  donner  votre  avis  sur  cctte  limitation  ? 

AUTHOR’S  REPLY 

En  zone  urbaine,  si  on  a  plusieurs  lois  parametriques  (resultant  d’une 
approche  empirique)  pour  estimer  les  dil^erentes  contributions  4 
I’affaiblissement,  je  pense  qu’un  pas  40m  x  40m  est  bien  dimensionne,  vu  que 
les  futurs  reseaux  de  radiocommunications  type  ESM  (900MHz)  PCN 
(l,8GHz)  auront  des  taiiles  de  cellules  reduites  k  quelques  centaines  de 
mitres  (350m). 

En  zone  rurale,  pour  des  regions  accidentees,  un  pas  de  250  m  est  trop  grand 
(mime  si  Ton  prend  des  constantes  radioeiectriques  uniformes  sur  tout  le 
profii  de  liaison)  car  la  diffraction  variant  en  Klog,g  h/r  (h  engagement 
obstacle  dans  la  premiire  zone  de  Fresnel,  r  rayon  de  Tellipse  de  Fresnel) 
des  contributions  importantes  en  premiire  approximation  peuvent  itre  sous 
estimees  surtout  aux  frequences  superieures  ^  900MHz. 


D.YAVUZ 

It  may  be  of  interest  to  you  that  we  have  an  almost  identical  system  of  STC 
that  we  call  CIPAS  (Communications  Interference  and  Propagation  Analysis 
System)  using  TIREM  and  DMA  digitized  terrain  data.  The  system  has  been 
operating  since  about  a  year  and  half  on  an  IRIS  Silicone  Graphics 
Workstsation.  We  have  been  using  the  system  for  Hareywick,  JMDS  coverage 
characterisation,  including  a  hopping  averaging  module.  The  system  is  highly 
user  friendly  and  totally  menu  based.  It  has  and  is  expected  to  continue  to 
support  a  lot  of  our  radio  coverage  activities. 
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AUTHOR’S  REPLY 

I  will  be  interested  to  have  a  contact  with  you  about  your  activities,  as  we  are 
working  for  the  same  subject. 

You  will  find  my  coordinates  at  the  beginning  of  AGARD  publication  28th. 


G.  TACCONI 

Can  the  models  you  presented  be  considered  "robust"  in  relation  with  the 
operative  final  target  of  your  work  ? 

In  the  follow  up  of  such  models  can  be  envisaged,  at  model  concept  level,  an 
up  grading  in  terms  of  robustness  ? 

AUTHOR’S  REPLY 

For  system  performances  evaluation  the  accuracy  of  the  used  propagation 
model  (ITS  122)  is  supposed  to  be  sufficient  for  rural  zone.  However,  for 
certain  path  profiles  ITS  122  can  be  enhanced.  So  the  overall  simulation  that 
was  the  purpose  of  the  28th  AGARD  report  can  be  upgrading  by  the  means 
of  complementary  modules  (propagation  in  urban  areas,  signal  processing, 
protocols),  and  the  upgrade  of  the  modular  software  can  be  easily  made.  To 
achieve  reliable  outputs  for  radiocommunication  system  design. 
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COMBINING  OF  SIGNALS  IN  A  GEOGBAPHICAL  DIVERSnY  SYSTEM 


by 

HuU-Waiwick  Communications  Reseaich  Croup 
University  of  Hull 
HuUHU67RX 
United  Kingdom 


Summary 

This  paper  will  describe  a  technique  which  will  im¬ 
prove  performance  of  macroscopic  diversity  process¬ 
ing  while  minimising  additional  computational  and 
communications  channel  overheads.  It  will  be  aimed 
specifically  at  the  use  of  such  diversity  processing  in 
the  HF  environment. 


1)  Introduction 

Mobile  stations  suffer  from  a  number  of  disadvan¬ 
tages  over  fixed  terminals  especially  in  theH.F.  band. 
A  few  of  these  disadvantages  are : 

1 )  Communication  depends  upon  a 
propagation  path  whose  characteristics 
may  change  with  both  time  and  position. 

2)  Only  relatively  low  transmitter 
powers  are  available. 

3)  Mobile  antennas  in  the  HF  band 
tend  to  be  simple,  inefficient  and  largely 
non-directive. 

4)  Reception  may  be  impaired  by  local 
noise/interference  from  co-sited  EM 
systems. 


One  of  a  number  of  possible  ways  to  mitigate  these 
problems  is  the  use  of  diversity  combining.  Diversity 
combining  schemes  can  be  classified  into  two  types ; 
'macroscopic'  and  'microscopic'  diversitydJ.  Miao- 
scopic  diversity  is  a  commonly  used  technique  and  is 
us^  essentially  for  combining  short-term  Rayleigh 
fading  signals.  An  example  of  where  mia<»copic 
diversity  would  be  effective  is  the  case  of  mobile 
station  reception  in  an  urban  environment  where  the 
signal  received  by  the  base  station  is  the  sum  of 
signals  transmitt^  from  the  mobile  station  which 
have  travelled  on  different  paths.  To  receive  two  un¬ 
correlated  signals  in  the  microscopic  diversity  situ¬ 
ation  receiving  antennas  need  to  te  separated  by  as 
little  as  03X.  Macroscopic  diversity  is  used  to  combat 
long-tennlog-rtormal  fading.  In  tIUscaseanumberof 
totally  separate  independently  fading  paths  are  re¬ 


ceived  from  two  or  more  different  base  stations.  This 
technique  will  overcome  shadowing  effects  in  a  line- 
of-sightcommunications  system  based  in  hilly  terrain 
and  also  propagation  effects  in  a  communications 
system  in  the  HF  band. 

In  the  HF  band  macroscopic  diversity  can  be  de¬ 
scribed  as  'geographical  diversity  [2]  because  of  the 
large  distances  between  base  station  sites.  Figure  1 
shows  a  geographical  diversity  system  which  em¬ 
ploys  5  base  station  sites.  To  perform  combining  the  5 
versions  of  the  signal  must  be  brought  to  a  central  site 
(probably  one  of  the  base  stations);  therefore  inter¬ 
connects  are  required  to  this  site.  Because  of  the 
distances  between  base  stations  moving  base-band 
data  between  sites  would  require  interconnects  of 
very  high  capacity.  For  this  reason  previous  imple¬ 
mentations  of  macroscopic  diversity  have  almost  ex¬ 
clusively  used  a  selection  combining  scheme  ie  select 
the  base  station  which  will  produce  demodulated 
data  with  the  lowest  error  rate.  Selection  combining  is 
an  inefficient  combining  method.  This  paper  will 
describe  a  method  of  combining  in  a  geographical 
diversity  system  which  approximates  to  maximal  ra¬ 
tio  combining  but  using  interconnects  which  can  be 
implemented  in  the  low  data  rates  available  to  typical 
HF  channels. 


2.1)  Development  of  Optimum  Weight  Combin¬ 
ing 

The  reduction  of  overhead  on  the  interconnects  is 
achieved  by  the  use  of  post-demodulation  combin¬ 
ing.  Therefore  each  base  station  demodulates  the  data 
sent  by  the  mobile  into  a  version  of  the  original  source 
data.  Combining  is  then  carried  out  on’this  binary 
data.  In  addition  to  this  demodulated  data  the  com¬ 
bining  site  also  requires  channel  information.  This 
would  ideally  be  Real  Time  Channel  Evahution  (RTCE) 
Oldatabutcould  also  beoff-linepredictiondata.  This 
data  can  readily  be  turned  into  a  value  of  prd>ability 
of  bit  error  and  it  is  this  value  together  with  demodu¬ 
lated  binary  data  which  will  be  used  in  the  new 
combining  method. 
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The  2  ground  rules  which  the  combining  scheme 
must  use  are  '^s  follows: 

1)  JIfanyofthecombinerinputshave 
a  P,  of  0.5  (or  higher) ,  ie  they  cany  no 
information,  then  such  an  input  should 
have  no  effect  on  the  output  of  the  com¬ 
bining  qrstem. 

2)  If  any  input  has  a  P,  of  0.0  (always 
correct)  then  this  input  should  have  total 
control  of  the  combiner  output  however 
close  the  other  inputs  are  to  0.0. 

From  these  two  rules  two  points  can  be  made  about 
the  graph  of  P,  versus  wei^t  (this  graph  is  called  the 
weighting  function) ; 

1)  When  the  P,  of  any  input  is  05 
then  it?  weight  should  be  zero,  ie  the 
curve  must  pass  through  the  point  (05,0). 

2)  Weight  must  tend  to  infinity  as  P, 
tends  to  1.0. 

Also  it  would  be  logical  to  assume  that  the  graph  has 
no  maxima  or  minima  (ie  always  increasing).  From 
these  postulates  a  family  of  curves  with  the  general 
shape  of  that  in  figure  2  can  be  drawn.  An  empirical 
expression  which  has  these  properties  is  as  follows : 

Weight=l/(P/)-l/(0.5*)  (1) 


=  l/(P.*)-2‘ 

where  'n'  is  any  positive  real  number. 

After  calculation  of  a  weight  for  each  combiner  input 
a  voting  system  is  used  to  make  a  decision  on  the 
binary  data.  An  example  of  the  scheme  follows 

A  five  branch  combiner  has  P/s  of : 

P.,  =  0.07  Prt  =  0.n  P^  =  0.2  P^  =  0.25 

P^  =  0.25 

Using  equation  (1)  with  n  =  0.5  the  following  weights 
are  calculated : 

W,  =  2.37  Wj=1.60  W3  =  0.82  W^  =  0.59 

W5  =  0.59 


Now  the  total  weight  for  binary  output  '1'  is 
2.37  +  0.59  +  0.59  =  3.55. 

The  total  weight  for  binary  output  'O'  is 
1.60  +  0.82  =  2.42. 

Therefore  the  output  of  the  combiner  for  the  above 
parameters  is :  '1'. 

A  notation  for  error  patterns  in  the  combining  system 
will  now  be  introduced.  C  is  used  to  denote  a  correct 
input  and  I  an  incorrect  input  branch.  The  branches 
are  then  ordered  so  that  *e  first  C/I  refers  to  the 
branch  with  thehighestSNR  and  the  last  C/I  with  the 
lowest  SNR. 

By  examining  all  possible  error  patterns  the  total 
output  P,  can  be  calculated.  This  is  shown  in  Appen¬ 
dix  l.The  results  obtained  are  as  follows : 


p 

vote) 

P 


=  0.0322 
=  0.03^1 
=  0.07 


The  weight  and  vote  algorithm  compares  favourably 
with  other  traditional  combining  methods,  as  can  be 
seen  from  the  example  above.  The  reason  for  the 
error  rate  advantage  over  naajority  vote  combining 
is  that  the  error  pattern  CCIII  gives  a  correct  output 
using  the  weight  and  vote  algorithm.  This  error 
pattern  has  a  higher  probability  of  occurring  than  its 
inverse  IICCC  which  would  have  given  a  correct 
output  using  majority  vote  combining.  However  the 
output  error  rate  is  not  the  lowest  possible  for  the 
above  P,'s.  As  mentioned  earlier  the  weighting  func¬ 
tion  of  equation  (1)  is  one  of  a  family  of  curves  so  it 
does  not  necessarily  give  the  optimum  weights.  If 
Appendix  1  is  studied  it  can  be  seen  that  the  error 
pattemClCli  is  combined  to  give  a  correct  output  but 
its  inverse  ICICC  which  has  a  higher  probability  of 
occurring  gives  an  incorrect  output.  An  iterative 
method  can  be  used  to  obtain  optimum  weights. 
Figure  3  shows  a  flow  chart  of  this  process. 

Using  the  values  of  input  P,  already  slated  the  opti¬ 
mum  weights  are: 

W,.=  2.24  W,=  1.73  W,.=  0.69  V^^.  =  0.6S 

Wy=0.65 

Using  these  weights  the  following  result  is  obtained  :• 


Suppose  that  the  outputs  of  deonodulators  at  these  P,,„^ . .  =  0.030325 

l»W;hes  have  the  following  binary  outputs : 

The  above  error  rate  is  the  lowest  possible  if  all  that 
O,  =  '1'  Oj  =  'O'  Oj  =  'O'  =  '1'  is  available  are  binary  demodulator  outputs  and 

Oj  =  '1'  SNR  data  (or  each  branch  receiver. 
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Z2  Optunum  Wei^t  Combining  in  a  Fading  Chan¬ 
nel 

If  RTCE  data  is  not  available  all  the  time  for  the 
branches  of  the  combining  system  then  the  SNR  data 
for  each  branch  will  be  out  of  date.  Thusintumthe 
weight  values  assigned  to  the  branches  of  the 
combiner  may  be  wrong  and  diis  will  cause  a  de¬ 
crease  in  the  performance  of  the  combiner.  Fbr 
example,  suppose  a  channel  has  a  high  SNR  whenit  is 
tested  and,  therefore,  it  is  assigned  a  high  weighting 
value:  if  fading  occurs  then  dtis  branch  of  the  com- 
binerwillhavealargeeffect  on  thecombiner  output 
but  it  could  have  a  relatively  high  P,.  Intuitively,  it 
is  seen  that  when  fading  occurs  then  the  weights 
of  the  inputs  to  the  combiner  should  be  made  mere 
equal.  Therefore  it  may  be  that  a  majority  vote 
sdieme  ,where  all  weights  are  equal  irrespective  of 
SNR,  gives  optimum  performance  under  fading 
conditions. 

A  typical  case  where  no  RTCE  data  is  available  is 
when  an  offline  prediction  program  is  used  to  makes 
a  first  estimate  of  the  channel.  Over  short  periods  (3- 
7minutes)  the  field  strength  follows  a  Rayleigh  dis¬ 
tribution  where  the  median  and  mean  values  are 
1.6dB  and  l.ldB  respectively  below  the  RMS  value 
141. 


tiibution  which  is  between  die  majority  vote  and 
selection  combining  schemes.  The  optimum  weight 
method  uses  all  combiner  inputs  but  the  inputs 
which  have  a  higher  SNR  have  more  control  of  the 
output  than  the  ones  with  a  low  SNR. 


TheaverageP,for  the  three  combiningsehemesunder 
Rayleigh  fading  are : 


P 

^  •(9ptiaBUAW«i|^ 


0.0935 

0553 

0.0470 


It  should  be  stressed  that  these  error  rates  are  for 
particular  input  values  and  do  not  give  an  absolute 
result.  Nevertheless  the  input  values  are  relatively 
similar  which  is  the  case  where  majority  vote  gives 
an  output  which  is  near  the  optimum.  However,  the 
more  severe  the  fading  the  more  likely  is  the 
majority  vote  combining  of  being  the  best  combining 
scheme.  It  would  seem  logical  then  to  'move' 
towards  majority  vote  combining  when  fading  oc¬ 
curs.  Figure  5  shows  a  probability  of  occurrence 
versus  error  rate  graph  (with  the  same  inputs  as 
figure  4)  showing  optimum  weight  combing  and  a 
combining  method  'between'  majority  vote  and  opti¬ 
mum  weight.  This  new  meth^  is  achieved  by 
making  the  weights  of  the  inputs  more  equal,  specifi¬ 
cally : 

W.«  =  W^  +(W„.„)/3 


Using  theabove  meanand  median  valuesand  the  fol¬ 
lowing  P,'s  an  error  distribution  for  various  combin¬ 
ing  schemes  was  determined. 

P„  =  0.95  P,j  =  0.90  P^  =  055  P^  =  0.75 
P^  =  0.75 

Figure  4  shows  a  graph  of  probability  of  occurrence 
versus  total  output  error  rate  for  various  combining 
schemes.  The  selection  combining  scheme  uses  a 
single  branch  of  the  combiner  inputs  and  therefore 
the  output  from  a  combiner  using  this  method  will 
liave  a  broad  probability  distribution.  Clearly  the 
selection  combining  scheme  is  strongly  affected  by 
fading  and  should  not  be  used  unless  real-time 
channel  data  is  available. 

Referring  again  to  figure  2.3,  the  majority  vote 
algorithm  has  the  hipest  peak  and  narrowest 
probability  distribution  which  suggests  it  is  least 
affected  by  fading.  This  is  as  expected  because  the 
inputs  are  not  weighted,  whatever  the  SNR  of  the 
channel. 


As  expected  the  new  weighting  scheme  has  a  higher 
peak;  however  the  average  error  rate  is  reduced : 


p 

ttopliiiBimwtifhO 
^t(nrv  w«t|hln|  iMthod) 


0.0470 

0.0457 


Therefore  there  are  different  optimum  weights  for 
fading  or  non-fading  conditions. 


To  further  illustrate  how  these  new  weights  are 
obtained  it  is  necessary  to  look  more  closely  at  how 
the  error  patterns  are  combined  from  demodulated 
data. 


If  the  selection  and  majority  vote  algorithms  are 
compared  some  error  patterns  give  the  same  output 
for  both  of  these  schemes.  For  these  error  patterns  it 
can  be  assumed  that  whatever  weighting  system  is 
used  then  this  too  will  give  the  same  output  as  both 
selection  and  majority  vote.  Hence  it  is  possible  to 
say  that  tiie  following  error  patterns  (EPx,  where  x  is 
decimal  version  of  the  binary  number  created  assum¬ 
ing  I  as  a  binary  '1'  and  C  as  a  binary  'O'.)  are  always 
correct  for  any  combining  scheme : 


The  optimum  weightcombiningalgorithmhasadis- 


EPO,  EPl ,  EP2 ,  EPS ,  EP4 ,  EPS ,  EP6 ,  EPS ,  EP9 ,  EPIO 
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Similarly  the  following  always  give  an  incorrect  out¬ 
put: 

EP21 ,  EP22 ,  EP23 ,  EP25 ,  EP26 ,  EP27 ,  EP28 ,  EP29 
,EP30,EP31 

Note  that  EP12  is  not  counted  in  the  group  of  'always 
righP  error  patterns  even  though  both  the  majority 
vote  and  selection  algorithms  give  a  correct  output 
for  this  pattern.  EP12  is  one  of  the  group  of  error 

patterns,  . },  (where  the  number  of  I's  is  less 

than  half  the  number  of  branches),  which  can  give 
a  correct  or  incorrect  output  for  an  optimum  weight 
combining  scheme,  even  though  this  error  pattern 
always  gives  a  correct  output  for  selection  and 
nrajority  vote  schemes.  Note  also  that  the  inverse  of 
EP12,  EP19  is  not  included  in  the  always  incorrect 
group  for  a  simitar  reason. 

Any  combining  scheme  can  now  be  characterised  by 
its  behaviour  to  the  error  patterns  which  give  differ¬ 
ent  outputs  for  majority  vote  and  selection  and  also 
the  CiUn+1  {...)  type  error  patterns.  Therefore  critical 
error  patterns  can  be  calculated  for  various  numbers 
of  branches.  A  selection  is  shown  below : 

Branches  Critical  Error  Patterns 


4  6,7 

5  7,11,12,13,14,15 

6  14,15,22,23,24,25,26,27,28,29,30,31 

7  15,23,27,28,29,30,31,43 . 63 

8  30,31,46,47,54 . 63,78,79,86 . 127 


The  use  of  these  critical  error  patterns  can  substan¬ 
tially  speed  up  the  calculation  of  optimum  weights. 


2J  Use  of  Optimum  Weights  for  aFirst  Prediction  in 
an  HF  Message  System 

If  a  mobile  station  first  togs  onto  the  paging  system 
the  base  statioru  can  estirrurte  SNR  data  on  the  chan- 
irel  to  the  rrtobile  station  for  various  different  fre¬ 
quencies  by  the  use  of  an  offline  prediction  program. 
By  looking  at  the  SNR  data  for  different  frequencies  it 
should  be  possible  to  determirw  which  frequency 
will  give  the  lowest  overall  error  rate  using  an 
optimum  weight  combining  scheme,  it  would  seem 
logical  that  the  frequency  with  the  highest  total  weight 
will  be  the  channel  with  the  lowest  error  rate. 
Because  flte  prediction  program  can  only  give  a  monfltly 
mean  of  thecharmel  conditions  it  is  not  critical  that 
the  weight  calculation  is  accurate  so  the  iterative 
process  for  calculating  weights  ,which  is  described 


earlier,  was  not  used.  The  weighting  function  used  is 
Weight  =  1/(P  «)  -  '12 

This  function  was  used  in  conjunction  with  the 
propagation  prediction  program  SUP252[4].  This 
program  was  written  in  TORTRAN IV  and  originally 
designed  torunonaVAXor  similar  nrinicomputer; 
however  this  program  was  converted  to  run  on  an 
IBM  PC  clone.  The  origirral  SUP252  program  gave  a 
lot  of  data  about  one  chanttel ,  ie  from  one  transmit¬ 
ting  station  to  oite  receiving  station.  This  program 
was  modified  and  a  typical  output  of  the  new  pro¬ 
gram  SUP252A3  is  shown  in  Appendix  2. 


Conclusions 

This  paper  has  oulined  a  scheme  which  will  substan¬ 
tially  improve  perfomumce  especially  in  communica¬ 
tions  environments  which  experience  substantial  slow 
fading  such  as  in  the  HF  band. 

A  first  prediction  algorithm  which  utilizes  the  con¬ 
cepts  has  alsobeen  described  and  it  is  anticipated  that 
this  method  will  be  used  in  an  HF  message  system 
being  developed  at  Hull. 

It  wasanticipated  thatoff-airresultsof  ageographical 
diversity  system  would  be  presented  with  tNs  paper. 
However  this  was  not  possible  but  it  is  hoped  that 
these  will  be  carried  out  in  the  near  future.  The  mobile 
is  to  be  located  at  Hull  and  base  stations  will  be  at 
Cobbett  Hill  (Hampshire,England),  Coventry  (West 
Midlands, England)  ,and  Wick  (Caithness,Scotland). 
This  gives  a  good  spread  of  base  stations  sites  in  a 
North  South  axis. 
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Figure  1.  A  geographical  diversity  system 
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Figure  3,  Iterative  Method  for  calculation  of 
optimum  weights. 


Figure  2.  Generalized  graph  of  P  versus 


APPENDIX  1 


Full  Study  of  Combiner  Outputs  using  Weight  =  l/(Pe0.5)  -  "^2 


P,=0.07  P^  = 
W,  =  2.37  Wj  = 

0.11  P, 

1.60  W3 

=  0.2  P^ 
=  0.82  W, 

=  0.25 
=  0.59 

P^  =  0.25 
Wj  =  0.59 

Error 

Pattern 

Probability 

Voting 

Output 

ccccc 

0.3725 

5.97-0.00 

C 

icccc 

0.0280 

3.60 

2.37 

CCCCI 

0.1242 

5.58  -  0.59 

C 

iccci 

0.0093 

3.01 

2.96 

CCCII 

0.0414 

4.79  - 1.18 

C 

iccic 

0.0093 

3.01 

2.96 

CCICC 

0.0931 

5.15-0.82 

C 

ICCll 

0.0031 

2.42 

3.55 

CCICI 

0.0310 

4.56  - 1.41 

C 

ICICC 

0.0070 

2.78 

3.19 

CCIIC 

0.0310 

4.56-1.41 

C 

IClCl 

0.0023 

2.19 

3.78 

CCIH 

0.0103 

3.97  -  2.00 

C 

ICIIC 

0.0023 

2.78 

3.19 

CICCC 

0.0460 

4.37  - 1.60 

C 

ICIIl 

0.0008 

2.19 

3.78 

ClCCl 

0.0153 

3.78  -  2.19 

C 

IICCC 

0.0035 

2.00 

3.97 

CICIC 

0.0153 

3.78-2.19 

C 

IICCI 

0.0016 

1.41 

4.56 

CICII 

0.0051 

3.19  -  2,78 

c 

IICIC 

0.0016 

1.41 

4.56 

ClICC 

0,0151 

3.35  -  2.42 

c 

IICII 

0.0004 

0.82 

5.15 

CIICI 

0.0038 

2.%  -  3.01 

1 

lllCC 

0.0008 

1.18 

4.79 

CHIC 

0.0038 

2.96  -  3.01 

1 

IIICI 

0.0003 

0.59 

5.38 

cmi 

0.0013 

2.37-3.60 

I 

line 

0.0003 

0.59 

-5.38 

mil 

0.0001 

0.00 

-5.97 
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APPENDIX  2 
Typical  output  of  SUP2S2A3 
Mobile  at  OSLO 

Base  Stations  at :  BERLIN,  PARIS,  ROME,  FRANKFURT,  LONDON 


FREQ  SNR 


p. 

WEIGHT 

BERLIN 

48.33 

0.50 

0.00 

-33.65 

0,49 

0.01 

-26.07 

0.47 

0.03 

-25.22 

0.47 

0.03 

-18.25 

0.43 

0.08 

•'0.75 

0.34 

0.22 

-6.26 

0.25 

0.43 

-2.88 

0.16 

0.79 

•f-0.12 

0.08 

1.47 

-2.20 

0.14 

0.90 

49.93 

0.50 

0.00 

PARIS 

-36.84 

0.49 

0.01 

-28.47 

0.48 

0.02 

-23.72 

0.46 

0.04 

-17.23 

0.42 

0.09 

-13.67 

0.38 

0.15 

-7.40 

0.27 

0.36 

-3.16 

0.16 

0.75 

•fO.13 

0.08 

1.47 

•*■2.08 

0.04 

2.36 

-36.66 

0.49 

0.01 

-59.03 

0.50 

0.00 

ROME 

-44.88 

0.50 

0.00 

-37,52 

0,49 

0.01 

-32,51 

0.49 

0.01 

-26.78 

0.47 

0.03 

-18.31 

0.43 

0.08 

-12.17 

0.36 

0.18 

-17.36 

0.42 

0.09 

-13.98 

0.39 

0.14 

-11.36 

0.35 

0.20 

-6.12 

0.24 

0.44 

-77.97 

0.,50 

0.00 

6.00 

-5.19 

0.22 

0.52 

7.00 

-1.91 

0.13 

0.95 

8.00 

■*•1.24 

0.05 

1.91 

10.00 

-3.07 

0.16 

0.76 

14.00 

-55.54 

0.50 

0.00 

LONDON 

2.00 

-29.21 

0.48 

0.02 

2.50 

-21.47 

0.45 

0.05 

3.00 

-14.39 

0.39 

0.13 

3.50 

-9.67 

0.32 

0.26 

4.00 

-3.46 

0.17 

0.71 

5.00 

•*■0.70 

0.06 

1.68 

6.00 

■*•2.26 

0.04 

2.48 

7.00 

-2.42 

0.14 

0.86 

8.00 

-36.10 

0.49 

0.01 

10.00 

-66.97 

0.50 

0.00 

14.00 

-70.41 

0.50 

0.00 

TOTAL  WEIGHTS  FOR  EACH 
FREQUENCY 


FRANKFURT 


8.00  MHz  SELECTED 
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DISCUSSION 


F.  DAVARIAN 

What  are  the  system  dynamics  ?  Is  there  enough  time  to  calculate  the 
coefficients  in  a  rapidly  changing  environment  ? 

AUTHOR’S  REPLY 

It  is  unlikely  that  more  than  5  base  stations  would  be  used  in  a  geographical 
diversity  system.  In  this  case  there  are  only  6  critical  error  patterns.  The 
iterative  algorithm  used  to  calculate  optimum  weights  needs  a  maximum  of  3 
iterations.  This  is  a  relatively  low  computational  overhead.  Changing 
environments  do  no  as  such  put  any  pressure  on  the  speed  of  calculating 
weights  it  is  only  the  rate  at  which  new  channel  data  is  available.  This  is  likely 
to  be  at  the  packet  rate.  Since  packets  arc  not  likely  to  be  very  short  no 
problem  is  anticipated. 

H.DE  PEDRO 

Do  you  account  in  your  algorithm  for  the  fact  that  there  is  a  second  link, 
probably  also  a  fading  path,  that  the  message  takes  in  reaching  the  combining 
site? 

AUTHOR’S  REPLY 

No,  at  present  the  algorithm  does  not  take  into  account  errors  which  occur 
due  to  the  interconnect  links  between  base  stations.  It  was  assumed  that  the 
critical  path  in  the  system  is  that  from  mobile  to  base  station,  and  the 
algorithm  has  been  developed  with  this  in  mind.  No  consideration  has  been 
given  to  errors  which  occur  in  the  interconnect  paths.  However  the  point 
raised  here  is  an  interesting  one.  Channel  information  should  b**-  available  for 
the  base-base  transmissions.  If  this  is  the  case  then  the  Pe  for  data  fro»i. 
base  to  base  path  can  be  calculated.  Now  a  new  total  Pe  can  be  calculated 
over  the  two  links  : 

Pe(total)  =  Pe(mobile-base)  x  Pe  -  (base-base) 

The  weights  used  in  the  combining  algorithm  now  uses  Pe(total)  instead  of 
just  Pe(mobile-base). 
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D.YAVUZ 

The  diversity  effects  your  approach  utilizes  is  based  on  the  existence  very 
large  separations,  perfect  between  base  stations  and  central  station. 
"Optimisation"  is  also  based  on  the  independant  additive  gaussian  noise 
channels  combined  with  a  maximal  radio  combining  (not  really  applicable  to 
the  complex  HF  channel). 

Would  it  not  be  for  more  efficient/cost  effective  to  use  such  dispersed  assets 
in  an  internetworked  store  and  forward  packet  radio  system  ? 

AUTHOR’S  REPLY 

The  diversity  system  described  in  the  presentation  does  assume  perfect 
communication  between  base  stations.  However  it  would  be  easy  to  use 
channel  information  from  base-base  station  interconnects  and  calculate  a 
new  Pe  specifically 

Pe(total)  =  Pe(mobile-base)  x  Pe(base-base) 

This  would  then  be  used  to  calculate  weights.  Although  I  conceed  more  work 
is  required  in  this  field. 

To  address  the  second  point  to  your  question  I  would  like  to  say  that  it  is  not 
the  combining  method  which  determines  whether  the  system  is  applicable  to 
the  HF  band  but  the  topological  architecture  of  the  diversity  svstem,  if  Pe  is 
used  as  the  input  of  the  combining  scheme.  I  may  have  gWen  the  impression 
that  this  value  of  Pe  is  calculated  directly  from  SNR.  The  value  of  Pe  would 
normally  be  calculated  by  a  real  time  channel  evaluation  technique  such  as 
counting  of  attempted  corrections  in  an  FEC  coding  scheme. 

The  design  ethic  of  the  system  in  which  this  technique  is  to  be  used  is  the 
maximization  of  reliable  comunication  from  mobile  to  base  station.  Hence 
the  use  of  a  number  of  receiving  sites  which,  no  doubt,  will  improve  the 
performance  of  this  link. 

C.  GOUTELARD,  FR 

Votre  proposition  est  int^ressante  car  elle  propose  une  combinaison  sur  les 
decisions  et  non  sur  I’optimisation  du  rapport  S/N  comme  dans  les  m6thodes 
classiques,  ce  qui  est  plus  pratique  dans  la  structure  que  vous  proposez.  Je 
partage  totalement  les  remarques  formuldes  par  le  Dr  YAVUZ  sur  la 
n6cessitd  d’6ioigner  les  stations.  En  effet,  pour  des  distances  inf^rieures  500 
km,  le  Pr  GOTT  et  moi-m6me  avons  montr6  la  forte  correlation  entre  deux 
stations.  II  faut  done  eloigner  les  stations  et  dans  une  publication  que  nous 
avons  faite  au  congres  AGARD  de  Munich  en  1988  nous  avons  montre 
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qu’avec  une  base  de  trois  stations  s6par6es  de  500,  700,  1000  km,  cette 
d£corr61ation  dtait  juste  atteinte. 

AUTHOR’S  REPLY 

I  acknowledge  Prof  Goutelard’s  comments.  At  the  moment  I  have  no  off-air 
data  for  the  diversity  combining  scheme.  I  hope  to  carry  out  trials  of  the 
geographical  diversity  ^stem  in  the  near  future.  This  trial  will  include  short 
paths  (<  500  km)  and  long  paths  (>  1000  km),  and  this  should  show  whether 
base  stations  should  be  separated  by  distances  greater  than  I  anticipated. 

To  the  second  point  I  would  like  to  say  that  I  have  not  read  the  article  which 
you  mention  but  would  like  to  study  it. 
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DISTRIBUTED  LONG-RANGE  RADIO  SYSTEMS  EMPLOYING  MULTIPLE 
PROPAGATION  MECHANISMS  AND  AN  EXTENDED  FREQUENCY  RANGE 

by 

M  Darnell 

HuU-Waiwick  Communications  Research  Group 
Department  of  Electronic  Engineering 
University  of  Hull 
HullHU67RX 
UK 


The  paper  is  essentially  a  discussion  paper  which  intro¬ 
duces,  withiheaidofdata  from  real  radio  paths  of  different 
types,  the  concept  of  multiple  propagation  mechanism 
radio  communication  in  the  HF  and  low- VHP  bands  up  to 
about  100  MHz.  The  radio  system  architecture  necessary 
to  exploit  such  a  multiple-mechanism  environment  is  then 
considered,  with  particular  reference  to  the  channel  encod¬ 
ing  and  channel  evaluation  procedures  required.  Digital 
signal  processing  is  assumed. 


INTRODUCTION:  MULTIPLE  MECHANISM  PATHS 
&  DIGITAL  SIGNAL  PROCESSING 

The  great  majority  of  modem  radio  communication  sys¬ 
tems  are  designed  to  exploit  a  given  propagation  mecha¬ 
nism  in  order  to  meet  their  operational  requirements.  This 
means  that  the  parameters  of  such  systems  are,  to  a  large 
extent,  dictated  by  the  characteristics  of  the  specified 
propagation  mechanisms.  Currently,  most  practii^  radio 
systems  make  use  of  fixed  signal  formats  and  control 
procedures.  If  a  system  is  adaptive  in  response  to  channel 
conditions,  as  sensed  say  by  real-time  channel  evaluation 
(RTCE),  then  the  nature  of  that  adaptation  will  be  deter¬ 
mined  by  the  range  of  variation  expected  of  the  specified 
mechanism. 

The  design  philosophy  outlined  above  is  somewhat  artifi¬ 
cial  in  that  there  are  many  types  of  radio  path  which  do  not 
exhibit  a  single  dominant  propagation  mechanism;  rather, 
a  number  of  distinct  mechanisms  with  very  different  char¬ 
acteristics  may  exist  •  possibly  simultaneously.  Conse¬ 
quently,  these  additional  mechanisms  will  tend  to  be 
regard^  efiiectively  as  noiseAnterference  by  a  communi¬ 
cation  system  designed  for  a  specific  mechanism.  Ex¬ 
amples  of  this  include  microwave  line-of-sight  (LOS) 
paths  over  which  tropospheric  propagation  can  also  occur, 
HF  surface  wave  paths  with  skywave  interference,  etc.  In 
the  part  of  the  r^o  spectrum  up  to  say  100  MHz,  the 
situation  may  be  extremely  complex,  as  will  be  demon¬ 
strated  in  this  paper.  Nevertheless,  from  an  (^rational 
viewpoint,  this  HF  /  low-VHF  region  is  still  of  great 
importance;  consequently,  every  available  method  should 
be  sought  to  improve  the  availability  and  reliability  of  LOS 
and  beyond-LOS  (BLOS)  communication  systems  using 
this  range  of  radio  frequencies.  An  obvious  starting  point 


is  to  lake  a  realistic  view  of  the  nature  of  the  radio  path  to 
be  employed;  the  following  section  of  Ihepaper  attempts  to 
do  this. 

In  parallel  with  this  consideration  of  the  radio  path,  an 
equally  realistic  view  needs  to  be  taken  of  the  technology 
now  available  to  implement  radio  systems.  Over  recent 
years,  there  has  been  a  major  change  in  the  signal  genera¬ 
tion  and  processing  techniques  and  devices  available  to  the 
communication  system  designer;  as  yet,  however,  this 
change  has  not  b^me  apparent  in  operational  systems. 
The  reasons  for  this  are  simple  to  identify; 

(i)  the  time  taken  for  new  designs  to  become 
operational  is  relatively  long  -  a  minimum  of 
several  years; 

(ii)  there  isa  tendency  fordesigners  to  still  think 
in  “conventional"  terms,  ie  implementing 
functions  in  an  essentially  analoguemanner; 

(lii)  the  fundamental  nature  and  potential  of  the 
propagation  medium,  perticu^y  at  the  lower 
frequencies  below  about  100  VOIz,  it  not  yet 
appreciated  fully. 

There  is  a  need  for  design  thinking  to  become  digitally 
oriented;  signal  generation  and  processing  algorithms  and 
techniques  implemented  in  digital  form  must  exploit  the 
unique  capabilities  of  digital  signal  processing  (DSP) 
devices,  rather  than  simply  replicating  functions  previ¬ 
ously  implemented  in  analogue  form.  The  most  obvious 
implication  of  this  philosophy  is  that,  although  processing 
and  control  structures  implemented  in  digital  form  are  in 
part  limited  by  the  capabilities  and  structure  of  DSP 
hardware,  the  correspon^ng  software  can  be  altered  at  will 
in  order  to  create  an  overall  architecture  that  is  both 
capable  of  performing  a  variety  of  functions  and  being 
re^nsive  to  user  requirements  and  channel  state.  Coupled 
with  flexible  DSP  architectures  for  control  and  channel 
encoding,  there  is  now  a  widespread  availability  of  rela¬ 
tively  cheap  and  frequency-agile  RF  equipments. 

Given  the  potential  of  system  architectures  of  the  type 
indicated  above,  the  practical  problem  is  how  best  to 
employ  them  to  meet  specified  and  evolving  operational 
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requirements.  This  p^r  will  suggest  ways  in  which  this 
might  be  achieved  in  the  HF/  low-VHF  band  below  about 
100  MHz,  where  multiple  simultaneous  propagation  mecha¬ 
nisms  can  exist.  A  wrong  view  of  the  path,  or  a  “tradi¬ 
tional”  approach  to  signal  processing  and  control,  may 
lead  to  the  implementation  of  a  radio  system  which  does 
not  perform  optimally.  In  the  following  sections,  three 
important  aspects  of  the  problem  will  be  discussed,  ie  the 
nature  of  the  propagation  path ,  appropriate  channel  encod¬ 
ing  and  RTCE  techniques,  and  radio  system  terminal 
architectures  based  upon  DSP. 


THE  NATURE  OF  PROPAGATION  IN  THE  BAND  UP 
TO  100  MHZ 

The  individual  propagation  mechanisms  that  can  occur  in 
the  band  up  U)  100  MHz  will  now  be  reviewed  briefly  by 
means  of  the  Table  1. 

To  this  list  of  propagation  mechanisms  may  be  added  the 
phenomenon  of  “ducting",  whereby  atmospheric  refrac¬ 
tive  index  variations  close  to  the  et^'s  surface  can  trap 
radio  waves  in  ducts,  analogous  to  waveguides.  Since 
waveguide  propagation  tends  to  be  low-loss,  this  form  of 
energy  transfer  can  allow  radio  waves  to  propagate  at 
relatively  high  levels  over  distances  considerably  in  excess 
of  LOS.  Ducting  is  comparatively  unpredictable,  its  inci¬ 
dence  being  correlated  to  some  extent  with  weather  condi¬ 
tions.  References  1  to  7  describe  the  characteristics  of  these 
propagation  mechanisms  in  more  detail. 

All  the  enuies  m  the  proceeding  Table  correspond  to  well 
known  and  reasonably  well  characterised  mechanisms  in 
the  band  up  to  100  MHz.  The  only  exception  to  this  is 
uopospheric  scatter  which  is  normally  associated  with 
high-capacity  transmission  systems  at  considerably  higher 
frequencies.  However,  recent  work  [8]  [9]  has  shown  that 
troposcauer  is  a  viable  means  of  information  transfer  at 
much  lower  frequencies,  down  to  30  MHz. 

To  illustrate  this  mechanism,  some  experimental  data  from 
a  troposcauer  link  operating  at  a  frequency  of  47  MHz  over 
a  mid-latitude  path  length  of  approximately  300  km  will 
now  be  presented.  The  transmitter  power  was  nominally 
SOO  W,  with  the  transmiuing  antenna  taking  the  form  of  a 
S-element  Yagi.  At  the  receiver,  a  3-element  Yagi  was 
used  at  a  height  of  20  m  above  the  immediate  ground.  Figs. 
1  and  2  show  the  temporal  variations  of  received  signal 
level  over  an  interval  of  a  few  seconds;  the  uansmiued 
waveform  takes  the  form  of  a  regularly  on/off  keyed 
signal,  with  “on”  and  “off  periods  both  being  40  ms.  Figs. 
3  and  4  are  plots  of  the  diurnal  variation  of  average  signal 
level.  These  plots  are  typical  of  the  range  of  variation 
monitmed  over  a  perrod  of  several  months. 


It  is 'interesting  to  note  that  the  40  ms  “on”  periods  are 
modulated  with  phase-coded  information  at  about  4  kbits/ 
$;  the  receiver  terminal  unit  (nominally  designed  for  me¬ 
teor-burst  reception)  was  able  to  demodulate  this  data 
successfully  for  a  large  proportion  of  the  time,  thus  show¬ 
ing  that  the  mechanism  has  significant  communication 
potential  at  this  lower  frequency  over  distances  of  up  to 
several  hundreds  of  kilometres. 

Fig.  S  shows  two  representative  profiles  recorded  from  a 
KXX)  km  meteor-burst  (MB)  lii^.  It  is  seen  that  the  re¬ 
ceived  signal  level  varies  widely  as  the  burst  progresses.  In 
the  tail  of  the  burst,  there  is  frequently  a  fading  regime 
which,  if  it  can  be  exploited  (say  by  diversity  processing), 
may  extend  the  effective  length  of  the  bunt  substantially 
[10].  A  common  phenomenon  encountered  on  this  same 
link  is  the  inesence  of  a  continuous  low  level  component  of 
the  received  signal  which  persists  between  bunts.  This  is 
auribulable  to  ionospheric  scatter  and,  if  recognised  in  the 
system  design,  can  be  employed  for  low-rate  data  trans¬ 
mission,  say  for  engineering  order  wire  (EOW)  purposes. 

As  indicated  previously,  the  propagation  environment 
below  about  100  MHz  is  extremely  complex;  radio  sys¬ 
tems  optimised  for  one  mechanism  will  clearly  make  only 
inefficient  use  at  be^ t  of  any  othen  which  may  be  present. 
In  the  wont  case,  any  other  mechanisms  which  the  system 
is  not  designed  to  exploit  may  be  detrimenul  to  overall 
performance  and  effectively  appear  as  noise  or  interfer¬ 
ence  to  that  system. 

In  the  following  two  sections  of  this  paper,  techniques 
which  appear  to  have  promise  in  making  efficient  use  of 
multiple-mechanism  propagation  paths 
(MMPPs)  will  be  considered. 


CHANNEL  ENCODING  &  RTCE  FOR  MULTIPLE- 
MECHANISM  PROPAGATION  PATHS 

The  combination  of  the  mechanisms  in  an  MMPP  will  give 
rise  to  received  signals  with  a  wide  range  of  variability  in 
their  characteristics.  This  variability  will  manifest  itself  to 
the  communicator  as  a  channel  capacity  which  changes 
with  lime.  If  a  radio  system  is  to  make  effective  use  of  this 
variable  capacity,  its  parameters  must  be  adapted  in  re- 
^xmse  to  the  channel  state  at  any  time.  This  section  will 
now  examine  channel  encoding/decoding  techniques  which 
are  designed  for  such  an  environment.  To  initiate  the 
necessary  adaptation,  the  channel  state  must  be  quantified 
by  means  of  appropriate  RTCE  procedures,  preferably 
integrated  with  the  channel  encoding  laocedures. 

In  the  context  of  the  type  of  radio  system  being  discussed, 
channel  encoding  will  be  taken  to  encompass  the  following 
functions: 
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(i)  synchronisation; 

(ii)  error  control; 

(iii)  modulation; 

(iv)  multi-user  coding; 

(v)  security. 

A  unifying  concept  which  relates  all  the  above  functions  is 
termed  “multi-functional  coding"  [11].  Here,  it  is  assumed 
that  the  receiver  will  possess  a  certain  fixed  processing 
power;  in  an  adaptive  system,  the  major  practiced  problem 
is  how  best  to  distribute  this  power  between  the  various 
channel  coding  functions  in  order  to  optimise  the  system 
performance  with  respect  to  the  user  requirements.  Taking 
a  simplified  example:  as  the  state  of  the  channel  deterio¬ 
rates,  it  may  be  desirable  to  shed  some  of  the  low-priority 
users  in  a  multi-user  system  and  apply  the  processing 
power  thus  released  to  more  robust  error  control. 

Perhaps  the  most  basic  single  channel  encoding  function  in 
a  digital  transmission  system  is  that  of  synchronisation; 
without  effectivesynchionisation,  the  system  cannot 
ateatall.  In  an  MMPP,  one  important  effect  that  can  occur 
is  a  rapid  change  in  propagation  delay  due  to  a  change  in 
dominant  mechanism.  If  this  change  does  not  exceed  one 
symbol  interval,  then  conventional  synchronisation  track¬ 
ing  arrangements  such  as  delay-lock  loops  can  cope  suc¬ 
cessfully.  Should  the  delay  change  be  greater  tluui  one 
symbol  interval,  however,  the  system  may  need  to  reac¬ 
quire  symbol  synchronisation.  For  MMPPs,  therefore,  it 
would  appear  necessary  to  incorporate  an  on-going  "fly¬ 
wheel"  synchronisation  mode,  together  with  an  integral 
acquisition  mode  embedded  at  intervals  within  the  trans¬ 
mitted  data.  Also  ,  it  is  important  that  both  symbol  and 
block  synchronisation  are  maintained. 

In  reference  [12],  two  techniques,  known  as  modulation- 
derived  synchronisation  (MDS)  and  code-derived  syn¬ 
chronisation  (COS),  are  described;  these  allow  the  extrac- 
uon  of  synchronisation  information  from  the  normal  oper¬ 
ating  signals  of  a  radio  system  by  means  of  specific  DSP 
algorithms.  In  the  case  of  MDS,  the  output  of  a  quadrature 
digital  matched  filter  is  monitored  at  each  sampling  in¬ 
stant;  it  is  found  that  the  output  of  this  matched  filter 
provides  a  robust  timing  waveform  at  the  symbol  rate. 
With  CDS,  the  received  signal  is  applied  with  all  possible 
codeword  time  shifts  to  the  error  control  decoder  where  it 
is  comapred  with  all  possible  codewords;  at  the  condition 
corresponding  u  tlie  correct  codeword  and  shift,  the  de¬ 
coder  output  will  be  a  minimum  -  assuming  that  the  error 
control  power  of  the  code  has  not  been  exceeded;  this  is 
information  that  can  be  used  for  block  synchronisation. 


Recent  research  carried  out  by  the  Hull-Warwick  Commu¬ 
nications  Research  Group  (HWCRG)  has  demonstrated 
that  the  conventional  philostqrhy  applied  to  the  design  of 
synchronisation  preambles  requires  modification.  The 
accepted  requirement  for  an  acquisition  preamble  is  that  it 
should  have  an  aperiodic  autocorrelation  function  (ACF) 
which  is  as  impulsive  as  possible.  It  has  been  shown  that 
preambles  with  significant  negative  ACF  sidelobes  per- 
foim  better  in  the  presence  of  noise.  To  illustrate  this 
result.  Fig.  6  shows  the  ACFs  of  7  distinct  22-bit  binary 
preamble  sequences;  Figs.  7  and  8  respectively  show  the 
practical  and  theoretical  ranking  orders  for  these  seven 
sequences  in  terms  of  their  synchronisation  failure  rates 
(th^old  crossing)  as  a  function  of  average  bit  error  rate 
(BER).  It  is  seen  that  the  best  performance  is  achieved  by 
sequence  (b)  which  has  large  negative  ACF  sidelobes.  An 
additional  benefit  conferred  by  the  presence  of  large  posi¬ 
tive  and  negative  sidelobes  with  a  specified  time  separa¬ 
tion  is  that  the  preamble  can  simultaneously  provide  esti¬ 
mates  of  both  block  and  symbol  timing.  Such  preambles 
could  be  embedded  in  the  transmitted  signal  at  intervals 
dictated  by  the  expected  variations  in  propagation  mecha- 
nisms/chwacteristics.  Their  length  could  be  adapted  in 
response  to  changes  in  received  signal-to-noise  ratio  (SNR). 
This  would  allow  the  system  to  quicky  reacquire  both 
blockandsymbolsynchronisationa^rsignificantchanges 
in  propagation  delay. 

In  a  variable  channel  capacity  environment,  it  is  important 
that  both  error  control  and  modulation  procedures  can 
adapt  to  the  channel  state.  Embedded  coding  [13]  and 
embedded  modulation  [14]  have  the  potential  to  do  this.  In 
both  cases,  the  signal  format  simultaneously  contains 
elements  that  have  different  levels  of  resilience  to  noise 
and  distortion.  When  the  SNR  is  high,  all  elements  can  be 
received  successfully;  as  the  SNR  degrades,  only  the  more 
robust  elements  can  be  received  successfully.  In  this  way, 
the  effective  information  transmission  rate  is  matched  to 
the  prevailing  channel  state.  Typically,  an  ARQ  protocol 
would  be  used  in  coryunction  with  these  embedded  schemes. 
These  embedded  schemes  have  been  designed  primarily 
with  a  multiple  fiequency-shift-keyed  (MFSK)  modula¬ 
tion  format  in  mind.  Such  a  modulation  format  is  funda¬ 
mentally  robust  in  the  HF  environment,  as  demonstrated 
by  the  PICCOLO  system.  It  also  has  the  advantage  that  it 
can  be  made  adaptive  by  varying  the  number  of  tones  and 
symbol  duration  in  reqxmse  to  channel  conditions. 

Cbmplementary  sequences  [IS]  provide  a  vehicle  which 
can  implement  all  the  channel  encoding  elements  listed 
previously  in  a  multi-functional  manner.  They  are  self- 
synchronisingand  possess  distributed  error  control  proper¬ 
ties;  in  addition,  they  can  be  synthesised  in  uncorrelated 
sets  thus  giving  a  multi-user  capability. 


In  order  to  control  the  parameters  of  adaptive  channel 
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encoding  schemes  of  the  type  described  previously,  it  is 
necessary  for  data  on  current  channel  state,  ie  RTCE 
information,  to  be  available  in  a  convenient  form.  The 
trend  in  RTCE  systems  is  no  w  to  attempt  to  extract  as  much 
information  as  possible  on  channel  state  from  the  normal 
q)erating  sign^  and  elements  of  the  radio  ctxnmunica- 
tion  system,  eg  from  demodulators,  decoders,  synchronis¬ 
ers,  protocol  activity ,  etc;  these  techniques  are  collectively 
termed  “embedded”  RTCE  procedures  [16].  The  advan¬ 
tage  of  embedded  RTCE  is  that  the  information  required 
can  be  extracted  simply  and  naturally  from  systems  imple¬ 
mented  using  DSP  devices. 

In  a  MMPP  environment,  the  RTCE  procedures  can  be 
made  more  effective  if  more  time  is  provided  for  the 
analysis  to  be  carried  out  One  way  of  achieving  this  simply 
is  illustrated  in  Fig.  9;  here,  the  received  signal  is  replicated 
and  one  version  is  fed  directly  to  an  RTCE  analyser  whilst 
the  other  passes  through  a  delay  unit  By  the  time  the 
received  signal  is  applied  to  the  channel  de^er,  that  unit 
is  already  in  possession  of  information  from  the  RTCE 
analyser  which  can  be  used  to  optimise  the  channel  decod¬ 
ing  procedures  in  advance  based  upon  an  accurate  knowl¬ 
edge  of  the  channel  slate  which  is  just  about  to  occur.  The 
longer  the  delay  that  can  be  tolerated,  the  greater  the 
potential  effectiveness  of  the  RTCE  process. 

Attention  will  now  be  turned  in  the  next  section  to  architec¬ 
tural  and  control  considerations  for  systems  implemented 
using  OSP  devices  and  algorithms. 


IMPLICATIONS  OF  DSP-BASED  ARCHITECTURES 

For  economic  reasons,  it  is  probable  that  the  digital  ptoc- 
essing  power  available  within  the  architecture  of  a  m^ern 
radio  system  terminal  will  be  limited.  It  is  therefore  impor- 
unt  that  this  flnite  processing  power  is  employed  in  the 
most  effective  manner  possible.  The  processing  power  is 
likely  to  be  of  two  types: 

(i)  aPC-basedcomponent,  normally  belter  suited 
to  control  funcdoos: 

(ii)  a  real-time  DSP  component,  normally  used 
for  signal  generation  and  processing. 

A  typical  schematic  architecture  for  a  radio  system  termi¬ 
nal  comprising  these  two  components  is  shown  in  Fig.  10. 

Functions  which  might  be  performed  by  the  PC  component 
include: 

(a)  protocol  generation; 

(b)  signal  routing; 


(c)  TX/RX  mode  and  parameter  control; 

(d)  running  embedded  prrqtagation  analysis 
models  [17]; 

(e)  control  of  channel  encoding/decoding  func 
lions  in  a  multi-functionai  framework; 

(0  RTCE  and  trend  analysis. 

The  real-time  DSP  component  would  tend  to  be  dedicated 
to  (e)  above,  and  would  have  its  power  distributed  opti¬ 
mally  between  the  functions  of  synchronisation,  error 
control  coding/decoding,  modulation/demodulation,  multi¬ 
user  coding/decoding,  etc  in  response  to  channel  state  and 
operational  requirements,  as  indicated  in  the  previous 
section.  The  DSP  component  could  also  be  used  for  active 
and  passive  RTCE  when  not  in  use  for  other  purposes,  eg 
passive  monitoring. 

There  is  thus  an  overall  optimisation  problem  to  be  sol  ved 
in  a  systematic  manner.  How  should  the  available  process¬ 
ing  power  be  employed  to  best  meet  the  user’s  require¬ 
ments  at  any  time?  For  example,  what  proportion  of  time 
and  processing  power  should  be  spent  in  actually  generat¬ 
ing  and  processing  signals,  and  what  proportion  spent  in 
say  passive  monitoring  and  RTCE  so  that  the  transmission 
and  reception  process  can  be  more  efficient  when  it  does 
occur?  Similarly,  more  sophisticated  and  adaptive  trans¬ 
mission  protocols,  whilst  consuming  more  processing  power, 
may  actually  reduce  the  transmission  time  required  and 
hei^  improve  the  security  of  the  system.  These  are 
problems  which  are  more  diffrcult  to  solve,  and  yet  have 
greater  signifrcance,  with  highly  variable  MMI^s. 


CONCLUDING  REMARKS 

This  paper  has  sought  to  discuss  some  of  the  problems 
inherent  in  the  design  of  radio  communication  systems  to 
operate  efficienily  over  MMPPs  in  the  firequency  range  up 
to  about  100  MHz.  The  problems  are  associated  primarily 
with: 

(i)  path  characterisation  and  modelling,  includ 
ingRTCE; 

(ii)  the  nature  and  oomtunalion  of  adaptive  channel 
encoding/decoding  techniques  appropriate 
for  such  paths; 

(iii)  the  optimum  use  of  digital  processing  and 
qjecialised  DSP  devices  within  the  overall 
architecture  of  the  radio  system  terminal. 
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Of  paiticularinteiesi  is  the  apparent  usefulness  of  the  low- 
frequency  troposcatter  mode  of  propagation  in  the  MMPP 
context. 

Detailed  research  is  cunently  being  pursued  by  the  HWdG 
into  these  problems  and  will  be  reported,  as  appropriate,  at 
future  AGARD  meetings. 
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TABLE  1 


Mechanism 

Range 

Variability 

Availability 

Surface  wave 
(more  efficient  at 
lower  ftequencies) 

500  km  (over  sea) 
(depends  on  ground 
constants) 

amplitude:  small 
phase:  some 

high 

Normal  skywave 
(via  iono^heric 
re&action) 

out  to  world-wide 
(depends  on 
iono^etic 
properties) 

amplitude:  high 
phase;  high 
frequency:  small 

variable 
(depends  on 
system  and 
path 

parameters) 

Sporadic-E 
layer 
(sporadic 
ionisation  at 

E-layer  height) 

out  to  about 

2000  km 

amplitude:  high 
phase;  high 
frequency:  small 

variable 
(depends  on 
location, 
season,  etc) 

Meteor-burst 
(ionised  meteor 
trails  at  about 

100  km) 

from  about  250 
to  2000  km 

amplitude:  high 
phase:  variable 
frequency:  variable 
(fading  in  tail) 

high  -  but 
intermittent 
(1%  duty 
cycle) 

Ionospheric 
scatter 
(ionospheric 
iiregularities 
at  about  100  km) 

from  about  250 
to  2000  km 

amplitude:  high 
phase:  high 
frequency:  small 
(low  level  due 
to  scatter  loss) 

high  •  if 
ERP*  high 

Tropospheric 
scatter 
(tropospheric 
irregularities 
at  8  few  km) 

out  to  about 

400  km 

amplitude:  high 
phase;  high 
frequency:  small 
(low-level  due 
scatter  loss) 

high  -  if 
ERP*  high 

•not:  in  llieiilKi.e Table.  iheabbtevlaUen  ERP  MicaM-Elteai^iRBdiaKIPnwe.-. 
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Fig.  7  Practical  results  showing  the  probability  of  failure  for  each 
sequence  compared  with  the  mean  probability  of  failure. 


[  Probability 
of  failure  for 
individual 
sequence  -  mean 
probability  of 
failure  for  ail 
sequences  ] 


+0.016 

+0.012 

+0.008 

+0.004 

0.000 

-0.004 

-0.008 

-0.012 

-0.016 


■resT  SEQUENCES 


BER 


Fig.  8  Theoretical  results  showing  the  probability  of  failure  for  each 
sequence  compared  with  the  mean  probability  of  failure. 


Fig.  10  Typical  DSP-based  architecture  for  radio  system  terminal 
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DISCUSSION 


E.ANAGNOSTAKIS 

Prof.  DARNELL,  could  you,  please,  comment  on  the  specific  type  of  path 
metric  which  should  be  made  use  of  in  order  properly  to  define  the  distance 
with  respect  to  the  optimal  path,  for  a  certain  propagation  channel  ? 

AUTHOR’S  REPLY 

The  path  metric  described  was  simply  the  "distance"  between  the  most  likely 
path  and  the  next  most  likely  path.  This  was  used  as  a  simple  illustrative 
example  only. 

I  agree  with  the  implication  of  the  question.  It  may  well  be  possible  to  use 
different  metrics  for  different  types  of  channel.  As  yet,  we  have  not  studied 
how  this  could  be  achieved  in  an  adaptive  system. 

M.  DARNELL 

Could  you  please  elaborate  on  how  channel  status  can  be  estimated  from 
measuring  the  average  number  of  signal  zero  crossings  ? 

AUTHOR’S  REPLY 

At  the  demodulation  output  of,  say,  an  MFSK  transmission  system,  there  will 
be  present  a  number  of  tones  at  different  frequencies,  perturbed  by  noise. 
This  noise  will  cause  the  position  and  number  of  zero-crossings  per  unit  time 
interval  to  vary..  The  average  number  of  zero-crossings  per  second  has  been 
analytically  related  to  signal-to-noise  ratio  and  can  therefore  be  used  as  a 
channel  evaluation  measure  when,  in  turn,  can  be  used  to  adapt  the 
transmission  format. 

H.  DE  PEDRO 

MB  and  troposcatter  channels  require  different  protocols,  such  as  continuous 
soundings  and  burst  transmissions  during  bursts  as  opposed  of  continuous 
transmissions  for  troposcatter..  How  do  you  take  advantage  of  randomly 
occuring  bursts  in  XXX  system  ? 

AUTHOR’S  REPLY 

I  believe  that  some  compromises  would  have  to  be  made  and  that  the  signal 
format  and  protocols  would  not  necessarily  be  optimum  for  all  mechanisms. 
The  most  promising  format  would  appear  a  relatively  short  block  formal  with 
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frequent  resynchronisation  to  cater  for  the  different  propagation  delays 
associated  with  the  different  mechanisms.  A  single  radio  system  terminal  for 
all  mechanisms  is  envisaged. 


C.  GOUTELARD,  FR 

Vous  mentionnez  I’utilisation  de  codes  convolutionnels  poin$oim6s.  Cette 
technique  est  utilis^e  dans  les  syst^mes  adaptatifs  car  ils  permettent 
d’adapter  la  redundance  du  code. 

Pouvez-vous  nous  dire  les  caract6ristiques  des  codes  que  vous  utilisez  ? 

Dans  le  canal  HF,  avec-vous  fait  des  experimentations  et  pouvez-vous  nous 
dire  comment  vous  avez  choisi  la  longueur  de  contrainte  ? 

AUTHOR’S  REPLY 

The  convolutional  codes  discussed  briefly  is  the  presentation  were  primarily 
to  illustrate  the  concept  of  "embedded  coding".  They  have  only  been  used 
under  simulated  channel  conditions. 

We  have,  however,  implemented  a  3-level  embedded  block  code  and  tested  it 
over  a  meteor-burst  channel.  The  main  reason  for  this  choice  was  one  of 
implementational  convenience. 

In  future,  we  intend  to  test  and  compare  block  and  convolutional  embedded 
codes  over  real  HF  channel :  as  yet,  we  have  no  performance  results  for  such 
codes. 


31-1 


A  Rdiabie  Multi-User  Distributive  HF  Communications  System  Using 
Narrowband  CDMA. 

T.E.MilIer 

Hull  Warwick  Communications  Research  Group 
Department  of  Elecuonic  Engineering 
The  University  of  Hull 
Hull 

HU67RX 

UK 


SUMMARY. 


This  paper  describes  the  principles,  design  and  application  of 
a  new  type  of  code-division  multiple-access  (CDMA) 
communications  system.  In  such  a  multi-user  communications 
system,  the  two  main  constraints  placed  upon  the  codes  used 
are  that  they  should  have  inverse  repeat  time  domtdn  properdes 
and  that  their  periods  should  be  in  the  ratio  1 ;  2 : 4 ...,  2*.  This 
ensures  that  the  line  spectral  components  of  the  transmitted 
sequences  do  not  cointnde,  and  dius  the  codes  ate  unconelated 
in  the  time  domain.  It  is  also  important  for  these  codes  to 
have  an  autoconeladon  function  (ACF).  which  approximates 
to  an  impulse,  so  they  can  be  conveiniently  detected  using 
matched  filters.  AnHFmulti-user  system  has  been  developed 
which  makes  use  of  multi-level  pseudorandom  sequences, 
particularly  p-level  m  sequences.  The  clock  rale  of  these 
sequences  is  adjusted  so  that  the  major  spectral  energy  is 
transmitted  within  a  nominal  HF  3kHz  bandwidth.  Using 
relatively  long  duration  (tens  of  milliseconds)  sequences 
provides  a  high  inherent  resistance  to  noise,  particularly 
while  Gaussian  noise,  and  fading.  The  system  is  designed 
around  a  Personal  (^mpuier  based  Digiud  Signal  Processor 
(TMS320C25),  giving  both  the  receiver  and  transmitter 
considerable  flexibility. 

The  system  has  been  tested  initially  with  an  HP  simulator 
using  sinusoidally  transformed  p-Ievel  m  sequences  (these 
have  an  impulsive  acO:  other  multi-level  signals,  such  as 
integrated  multi-level  m-sequences  or  recorded  noise,  will 
also  be  tested.  Initially,  data  has  been  transmitted  by  inverting 
sub-biocks  within  each  sequence,  the  sub-biock  length  being 
linked  to  the  channel  quality  via  RTCE.  These  sequences  are 
stored  at  the  receiver  and  the  sub-blocks  are  ‘intelligendy’ 
reinverted  once  all  the  data  has  been  received.  Since  any 
encoded  data  must  not  effect  the  inverse  repeat  nature  of  the 
sequence,  the  sub-block  inversion  pattern  must  also  be 
repealed  in  the  second  haif  of  every  sequence,  thus  providing 
the  data  retrieval  algorithms  with  a  degree  of  time  diversity 
in  the  decoding  process.  In  the  paper,  the  lechniquesinvolved 
in  developing  this  system  are  be  discussed  in  detail  and  some 
preliminary  trial  results  presented. 

It  is  anticipated  that  the  communication  system  design 
tnethodolegy  described  in  the  paper  will  provide  the  basis  of 
a  robust,  distributed  radio  system  with  a  capacity  for  channel 
sharing  between  a  number  of  independant  users. 


1.  INTRODUCTION:  SYSTEM  CONCEPT. 

In  a  code  division  multiple  access  (CDMA)  system,  different 
codes  are  assigned  to  difieieni  users,  each  having  a  bandwidth 
comparable  to  the  channel.  Figure  1  shows  a  block  diagram 
of  a  conventional  CDMA  system  architecture.  An  ideal 
CDMA  system  uses  perfectly  unconelated  sequences  with 


ideal  impulsive  autoconelation  functions  (ACFs).  Inpractical 
CDMA  systems,  the  sequences  used  are  generaly  periodic 
with  very  long  cycle  times.  Data  is  typically  transmitted  by 
inverting/not  inverting  segments  of  these  long  sequences; 
the  cross-correlation  function  (.CCF)  and  ACF  properties  of 
the  sequences  over  one  data  bit  period  determine  the 
effectivenessof  the  approach.  Integrate  anddump  processing 
IS  typically  employed  to  recover  the  data  at  the  receiver. 

This  pqierwill  be  concerned  with  the  generation  of  completely 
unconelated  sequence  sets  with  impulsive,  or  near  impulsive, 
ACFs  for  use  in  an  in-band  CDMA  system.  A  novel  method 
of  data  encoding  for  these  bearer  sequences  will  also  be 
discussed. 


2.  CONDITIONS  FOR  UNCORRELATEDNESS. 

In  synthesising  a  set  of  completely  unconelated  sequences, 
two  basic  conditions  must  be  met:  for  an  K-sequence  set  (a) 
the  format  of  the  sequences  transmitted  by  all  users  (except 
possibly  the  shortest)  should  be  inverse  repeat,  and  (b)  the 
periods  of  the  sequences  should  be  in  the  ratios  1:2:4:... 
:■  2* '.  These  two  conditions  ensure  that  each  sequence 
occupies  its  own  s/ots  in  the  frequency  spectrum,  first  by 
ensuring  that  only  odd  fiequency  components  are  present  for 
each  invene  repeat  sequence  and  secondly  by  setting  the 
periods  so  that  these  frequency  components  are  interleaved 
in  the  spectrum.  In  this  way,  no  spectral  components  for  any 
sequences  in  the  set  coincide. 

3.  A VAIUABLE  SEQUENCE  TYPES. 

A  number  of  difliereni  types  of  periodic  sequence  structure 
have  been  evaluated  for  use  in  CDMA  sets.  These  are 
described  briefly  below. 

3.1  Multi-Level  m  Sequences 

Any  m-sequence  has  length  N,  with 

N  =  p*-1  [1] 

where  p  is  a  pnme  number  and  n  is  the  number  of  stages  in 
the  eqivaleni  feedback  shifi-register  generator. 

A  p=]  1,  n=2,  N=120  sequence  was  chosen  to  investigate  the 
properties  of  p-level  m-sequences.  This  sequence  is, 
considerably  shorter  than  those  which  may  finally  be  used, 
but  was  chosen  for  simplicity  of  analysis. 

To  produce  a  bi-poiarouqxit,  the  sequence  must  be  transfonned 
so  that  the  output  values  are  evenly  dismbuted  around  the 
zero  level.  The  CCF  between  two  or  more  transformed 
sequences,  satisfying  the  conditions  above,  is  requited  to  be 
zero.  The  most  commonly  used  transfomation  is  the  linear 
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transfonnation  below: 


For  the  clock  waveform,  the  nomialised  single  period  ACF 
is: 


Sequence  levels  Transformed  levels 
0  0 

1  -Kp-D/J 

(P-1)  -(p-l)/2 

Figures  2  (a)  and  (b)  show  the  p=l  1,  N=120  sequence  with 
the  above  transformation  applied,  together  with  its  ACF. 
Any  function  which  yields  the  inverse  repeat  stnicture  can  be 
used  as  a  level  shifting  function  for  p- level  m-sequences.  The 
transform  in  equation  [2]  is  the  sine  transform;  this  has 
similar  level  shifting  properties  to  the  linear  transform,  but 
suppresses  the  sidelobes  in  the  ACF  -  see  Figure  2  (b)  and  (c). 

Transformed  level  =  sin((2)tq)/p)  [2] 

Where: 

0<*q<=(p-l) 

It  can  be  seen  that  the  levels  in  the  sine  transformed  sequence 
tend  to  be  compressed  at  the  extreme  values  of  the  output. 
This  is  expected  as  the  probability  density  (pdO  function  of 
asinusoid  also  exhibits  this  property.  This  is  advantageous  in 
a  communications  system  because  it  increases  the  overall 
signal-to-noise  ratio  of  the  received  signal  by  increasing  the 
average  ouqiut  power  of  the  transmitter.  Obviously,  this 
tiansfotm  causes  the  transmitted  signal  to  be  less  nolse-like 
as  its  pdf  is  no  longer  approximately  Gaussian. 

3.2  Integrated  p-levet  m-sequences. 

Integrating  a  p-level  m-sequence  transforms  it  to  a  ramp- 
type  sequence  [2].  Ihis  can  be  seen  in  Figure  3  where  (a) 
shows  a  ternary  80  digit  sequence  ( p«3.  n>>3,  N«80 ),  (b) 
shows  the  ACF  of  this  ternary  sequence,  and  (c)  shows  the 
integrated  form  of  this  sequence.  This  integrited  form  has 
the  ACF  shown  in  Figure  3(d);  it  can  be  seen  that  this  is  not 
impulsive  and  thus  would  have  little  use  as  the  ‘ideal  'output 
response  of  a  detector  in  a  CDMA  communications  system. 
However  these  multi-level  integrated  sequences  can  be 
processed  to  cause  theneffective  ACF  to  become  impulsive, 
and  thus  be  of  use  in  such  a  communications  system. 

Let  a  ‘clock-multiplied’  signal  be  defined  as  the  resultant  of 
the  multiplication  of  a  given  p-level  m-sequence  by  its  own 
clock  waveform,  see  Figure  3(e).  If  At  is  the  clock  period  of 
the  original  signal,  then  the  effective  clock  peri^  of  the 
clock-multiplied  (CM)  signal  is  At/2.  The  ACF  of  the  CM 
signal,  A^(r),  may  now  be  expressed  in  terms  of  the  ACF  of 
the  original  signal,  A„  (r),  and  that  of  the  clock  waveform, 
Aj,  (r);  thus: 

A„(r)  =  A.,(r).A„(r)  13) 

where  r  is  a  discrete  shift,  variable  in  unit  steps  of  Al/2. 

The  single  period  ACF  of  the  N  p-levei  m-sequence  can  be 
expressed  as  follows. 


Aj2(r)  = 


|+l:r  =  0 

1-1  ;r  =  Dt/2 


[5] 


Therefore,  substituting  expressions  [4]  and  [5]  in  [3]: 


AJr)  = 


+P  ;  r  =  0 

-P/2  ;r  =  At/2or(2N-l)At/2 

-P  ;r  =  Ndt/2  [6] 

+P/2  :r=(N-l)At/2or(N+l)At/2 
0  ;  otherwise 


This  function  for  a  ternary  m-sequence  (N=80)  can  be  seen 
in  Figure  3(f).  It  should  be  noted  that  the  CM  signal  has  2N 
digits  in  its  period. 


Now  considering  the  CCF  between  the  CM  signal  and  the 
original  p-level  m-sequence:  when  the  relative  phase  shift 
between  the  two  signals  is  zero,  or  an  even  multiple  of  At/2, 
the  CCF  will  be  zero,  since  each  digit  of  the  original  signal 
is  multiplied  by  two  digits  of  the  CM  signal  having  equal 
magnitude  and  opposite  polarity.  When  the  relative  phase 
shift  is  an  odd  multiple  of  At/2,  the  CCF  is: 

A/r)  =l/2(A„(r-l)-A„(r+l)]  [71 

where  r  is  an  odd  multiple  of  At/2. 

For  sequences  where  p>2,  A^(r)  will  have  the  fotm  shown  in 
Figure  3(g).  This  function  is  a  close  approximation  u>  the 
first  derivative  of  A„(r).  Such  a  function  can  be  obtained  by 
cross-correlating  the  onginal  signal  with  its  own  time 
derivative.  Hence  the  CM  signal  can  be  considered  as  being 
equivalent  to  the  ftrst  tinw  derivative  of  the  signal  from 
which  it  was  obtained. 


From  the  above,  it  is  seen  that  the  CCF  is  effectively  being 
performed  between  integrated  and  differentiated  versions  of 
the  same  m-sequence.  This  is  implemented  by  matched 
filtering  the  integrated  signal  with  its  CM  form;  Figure  3  (h) 
shows  this  result  for  the  ternary  sequence  above.  Note  that 
the  filter  response  now  has  the  desired  impulsive  characteristics. 


3.3  Binary  m-aequencea. 

For  a  binary  m-sequence,  the  sequence  length  N  it  always  an 
odd  number,  this  implies  that  the  sequence  can  not  have  the 
inverse  repeat  format  required  for  sets  of  sequences  to  be 
unconelated  in  an  ideal  (XMA  system.  When  a  binary  m- 
sequence  it  followed  by  its  inverse,  the  resulting  sequence, 
of  length  2N  digits,  has  the  desired  inverse  repeat  format. 
The  ACF  for  such  a  sequence  (for  N=«255)  is  shown  in  Figure 
4.  The  ACF  is  ‘impulse  like’,  although  the  sidelobes  are 
numerous  and  of  a  relatively  high  amplitude.  This  signal 
could  be  used  in  the  multi-  user  system,  although  its  detection 
will  be  somewhat  mote  complex  than  for  p-level  (p>2)  m- 
sequences  and  integrated  p-level  m-sequences. 

3.4  Noise  slgnaK 


A,.(r)  = 


+P  ;  r  =  0 

+P/2  ;r  =  At/2or(2N-l)At/2 
-P  ;r=NAt/2  (4) 

-P/2  ;r=(N-l)Al/2or(N+l)At/2 
0  ;  otherwise 


where  P  is  the  magmtude  of  the  ACF  peak. 


A  large  set  of  samples  of  Gaussian  white  noise  will,  by 
defmition,  liave  an  impulsive  ACF  and  also,  will  be 
unconelated  with  any  other  set  of  samples  of  Gaussian  white 
noise.  Thus  a  set  of  samples  record  from  a  Gaussian 
source,  would  be  ideal  for  a  COMA  system,  since  the  noise 
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sets  could  be  followed  by  their  inverses  and  thus  fulfill  the 
inverse-repeat  criterion.  It  should  be  noted  that  the 
characteristics  of  any  sampled  set  of  Gaussian  white  noise 
will  be  changed  due  to  the  sampling  process,  as  the  effective 
spectral  bandwidth  will  be  deteimined  by  the  sampling  rate. 

A  receiver  was  used  to  scan  the  HF  (2-30MHz)  radio 
fiequency  spectnim  fur  an  unused  band;  this  proved  impossible 
as  eveiy  frequency  channel  examined  had  an  uneven  energy 
distribution,  thus  showing  that  there  was  always  a  small 
amount  of  signal  in  any  channel.  Suitable  approximations  to 
‘noise  like’  signals  were  recorded  into  computer  memory 
and  analysed.  Figure  S  (a)  shows  a  recorded  noise  signal,  and 
(b)  and  (c)  show  the  ACFs  for 200 samples  and  2S00  samples 
of  this  signal  respectively.  These  plots  clearly  show  that  the 
longer  sample  set  has  a  more  impulsive  ACF.  Figure  6  shows 
the  signal  and  AG^  for  200  samples  from  a  wideband  noise 
generator,  this  signal  as  expected  has  a  more  impulsive  ACF 
than  that  of  the  recorded  noise.  Finally  Figure  7  shows  the 
signal  and  ACF  for  a  music  signal;  the  ACF  has  subsuntial 
sidelobes,  although  these  have  very  distinct  characteristics 
and  could  thus  be  searched  for  at  the  receiver,  making  the 
sequence  again  usable  for  data  communications. 


4.  SYSTEM  DESIGN. 

4.1  Data  Encoding. 

Data  can  be  imposed  upon  a  sequence  by  invertingfnot 
inverting  blocks  within  the  sequence,  each  block  would  thus 
represent  a  binary  data  bit.  To  retain  the  inverse  repeat 
properties  of  the  sequence  (essential  to  CDMA)  the  second 
half  of  the  sequence  must  be  block  inverted  in  the  same  way 
as  the  first  half.  For  example  the  1 1  level  120  digit  sequence 
(transformed  using  either  of  the  above  mentioned  methods) 
could  be  divided  up  into  eight  data  blocks,  each  fifteen  digits 
in  length,  and  could  thus  convey  four  bits  of  information,  the 
word  loot  being  encoded  as  1001 1001  as  shown  below 
where  a  shaded  block  represents  a  block  inversion. 


120  DIGIT  SEQUENCE 


1  0  0  1  1  0  0  1 


The  cross  conelation  between  the  sixteen  posible  combinations 
of  block  inversion  for  this  sequence  and  the  original  120  digit 
sequence  are  shown  in  Figure  8.  It  can  be  seen  that  only  the 
pure  sequence  or  its  inverse  have  an  impulse  result. 

Using  this  method  of  data  encoding  means  that  redundancy, 
in  the  form  of  time  diversity  is  inherent  in  the  system.  This 
could  be  used  at  the  receiver  to  correct  enors  which  only 
occur  in  one  half  of  the  sequence. 

4.2  ‘Fractional-digit’  Data  Encoding. 

It  is  possible  using  this  technique  of  data  encoding  that  the 
length  of  each  data  block,  which  may  or  may  not  be  inverted, 
could  be  a  non  integer  number  of  sequence  digits  in  length. 
Using  the  120  digit  1 1  level  sequence  as  an  example  eight 
bits  each  of  block  length  7.S  samples  could  be  conveyed  by 
each  sequence.  The  word  10011010  would  thus  be  encode  as 


1001 10101001 1010  as  shown  below. 


120  DIGIT  SEQUENCE 


10  oil  0101  001  1010 


4.3  Data  Decoding. 

Data  can  be  simply  decoded  by  systematicly  reinvetting 
blocks  widiin  the  received  sequence  and  then  cross  correlating 
the  result  with  the  refference  sequence.  The  data  will  be  the 
combination  of  blocks  which  are  reinveited  that  give  the 
largest  in  phase  correlation  responce.  It  should  be  noted  that 
the  accuracy  of  the  decoderis  dependant  on  the  rate  at  which 
the  receiver  samples  the  data,  particularly  if  fractional-digit 
encoding  is  used  since  the  nyquist  sampling  rate  would  have 
to  be  calculated  from  the  fractional  rate  rather  than  the  digit 
rate. 


4.4  Data  Format. 

In  the  current  system  data  is  transmitted  in  the  format  shown 
below.  The  pure  header  sequences  are  used  by  the  receiver  to 
detect  the  begining  and  end  of  transmission,  three  are  required 
since  the  sequences  have  periodic  correlation  properties. 


a  SMumca  uuna  ENCODED  SEqUENCES  >  nounici  Hunii 


Y//mWM 


4.5  Transmitter  Design. 

The  transmitter  consists  of  an  IBM  compatible  personal 
computercontaining  aTM5320C25  digital  signal  processor 
card  and  an  HF  tranceiver.  Data  taken  from  the  keyboard  is 
encoded  ready  for  transmission  and  stored  as  a  data  file.  This 
fiie  IS  then  transmitted,  in  the  format  shown  above,  by  the 
signai  processor  through  the  transceiver. 


4.6  Receiver  Design. 

For  each  sequence  to  be  uncorrelated  at  the  receive  the 
periods  of  ail  the  correlation  fillers  must  be  equal  to  the 
period  of  the  logest  sequence,  thus  the  inverse  repeat  ptopestiei 
of  the  sequerxes  cause  a  zero  responce  from  any  user  other 
than  that  beig  filtered  for.  This  is  shown  below. 


SI^UDfCEC 

SSQUSNCSfi 

SEQUENCE  B 

siquENCi  s|  srquENd  a 

StqUENCl  a|  SiqUENtX  A 

CORREUTION  PZRIOO  - ^ 
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The  receiver  uses  the  same  equipment  as  the  transmitter.  The 
signal  processor  continuously  samples  the  input  from  the 
tranceiver,  when  die  ctstect  header  sequence  is  received  the 
data  is  stored  onto  disk  untiU  the  header  sequence  is  again 
received  as  an  end  of  data  signal.  The  flow  diagram  for  this 
decision  routine  is  shown  in  Figute9.  The  sttsed  data  is  then 
decoded  by  the  signal  proccesor  and  displayed  for  the  user. 

5.  INITIAL  TRULS. 

During  the  initial  field  trials  die  header  agnals  were  transmitted 
from  Wick  (Scodand)  and  recorded  at  Cobett  Hill  (London) 
and  then  later  played  into  the  receiver  program  to  test  its 
performance.  Hgure  10  shows  the  response  of  the  header 
detection  algorithm  to  the  transmitted  header  sequence  and 
the  ideal  response  of  the  correlation  filter  used  as  part  of  the 
detector.  The  detector  inverts  all  negadve  spikes  and  then 
looks  for  four  spikes  each  with  a  separation  of  half  a 
sequence  period.  A  novel  method  of  threshold  detection  is 
us^  to  decide  if  a  spike  is  pressent  or  not.  Firsdy  the  side 
lobes  fiom  the  filler  response  (created  by  noise  and  interfoence) 
are  squared  and  averaged  over  just  under  half  a  sequence 
period.  This  value  is  then  scaled  and  subtracted  from  the 
filter  response,  this  causes  the  result  to  be  offset  by  a  negative 
level,  if  there  is  any  noise  or  interference  present.  The  short 
time  when  this  algorthm  is  zeroed  can  be  seen  as  a  ‘bump’ 
just  before  the  spike  on  the  plot,  this  is  timed  to  occur  when 
there  is  no  spike  present  and  thus  does  not  effect  the  result. 
The  actual  threshold  is  obtained  by  an  envelope  detection 
routine  and  thus  allows  the  receiver  to  have  a  dynamic  range 
of  approximately  40dB. 

5.1  Initial  Single  User  Tests. 

To  test  the  complete  communications  system,  particularly 
the  decoding  algorithms,  the  configuration  in  Figure  1 1  was 
setup. 

In  the  first  test  it  was  found  that  the  decoder  lost  sequence 
synchronisation  with  the  block  inverted  sequences  stored  on 
disk,  this  is  due  to  a  slight  frequency  drift  on  the  clocks  on  the 
different  TMS  boards.  This  problem  was  easly  overcome  by 
designing  the  decoder  to  step  a  variable  number  of  stored 
samples  either  way  of  the  file  location  where  synchronisation 
is  expected  and  then  calculating  at  which  point  the  decoded 
result  gives  the  highest  confidence  level  (i.e.  The  file  pointer 
is  moved  and  the  result  is  recalculated,  then  the  file  pointer 
is  set  to  the  point  where  the  highest  confidence  is  obtained). 
Tliis  technique  thus  makes  the  decoding  software  self- 
synchronising  for  any  length  of  file. 

The  following  results  were  obtained  from  a  small  data  file 
(the  lower  case  alphabet)  and  were  primarily  used  to  detect 
any  short  comings  in  the  decoding  algorithms  although  they 
give  a  good  indication  of  how  the  system  will  petftRm  in 
more  thorough  tests,  which  will  be  earned  out  over  the  next 
few  weeks. 

Resistance  to  Noise :  With  these  shon  data  files  transmitted 
at  1(X)  bits  persecond  the  decodingsoftwarereiiablydecoded 
all  data  that  was  detected  by  the  header  detection  routine. 
Thus  the  header  detection  routine  limited  the  amount  of 
noise  the  system  could  operate  in  although  it  performed 
reliably  in  signal  to  noise  ratios  below  -20dB. 

Rayleigh  Fading :  Usmg  the  HF  simulator  the  system  was 
found  to  woik  reliably  in  fade  rates  m  excess  of  100  fades  per 
minute. 


FIrequency  Off-set :  Rgure  12  shows  diat  the  system  requires 
the  receiver  to  be  tuned  in  to  an  accuracy  of  ^iproximately 
4/-  IHz  and  the  number  of  characters  in  error  that  could  be 
expected  if  this  was  not  acheived. 

6.  CONCLUSION. 

It  has  been  shown  that  the  sequences  and  signals  described 
previously  can  essentially  provide  the  ‘bearer’  signals  in  a 
CDMA  communications  system.  A  technique  for  modulating 
these  bearer  signals  with  infomuition  has  also  been  discussed. 
The  initial  tests  with  this  system  show  that  it  exhibits  ideal 
properties  for  a  reliable  multi-user  HF  communications 
system.  Simulated  and  field  trials  will  be  carried  out  to 
further  demonstrate  the  effectiveness  of  these  techniques 
over  shared  3kHz-bandwidth  HF  single-side  band  channels. 
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Figure  2 ;  Transformed  p-level  m-sequences  (p=U,  m=no)  and  their  ACFs. 
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Figure  3 ;  Correlation  techniques  and  results  for 
m-sequence  (msW  in  this  eianipie). 
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(a)  Noise  signal 


Figure  4 :  ACF  of  binary  m-sequence. 


(b)  Acf  of  200  samples. 


(c)  Act  of  2500  samplet. 

Figure  5 :  Results  for  recorded  noise. 


(a)  Generated  noise  signal. 


(a)  Music  signal. 


(b)  Acf  of  200  samples. 

Figure  6 ;  Results  for  recorded,  generated  noise. 
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Figure  7 :  Results  for  recorded  music. 
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Figure  8 ;  Correlation  results  for  the  sixteen  block  inversion  combinations  of 
the  integrated  ternary  m-sequence. 
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Figure  9 ;  Receiver  flow  diagram 
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Figure  10 :  Correlator  response  to  trial  results  and  theoretical 
correlation  result, 
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Figure  11 :  Initial  single  user  test  conflguration. 


Figure  12 :  Receiver  sensitivity  to  frequency  off-set. 
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DISCUSSION 


D.  YAVUZ 

How  many  users  do  you  anticipate  accomodating  within  the  baseband  for 
"multiple  access"  as  implied  in  the  title  of  your  paper  (CDMA)  ? 

AUTHOR’S  REPLY 

I  currently  anticipate  that  the  system  will  support  5  users  since  a  larger 
number  of  users  could  cause  the  spectral  lines  to  coincide  due  to  frequency 
shifts  within  the  HF  channel.  It  is  likely  that  there  frequency  shifts  would  not 
be  uniform  for  all  paths,  and  thus  a  larger  number  of  users  may  be  possible. 

C.  GOUTELARD,  FR 

Votre  expos6  m’a  beaucoup  int6ress6.  Vous  pr6sentez  des  sequences  dont  les 
longueurs  varient  selon  une  loi  exponentielle  en  fonction  du  nombre 
d’utilisateurs,  ce  qui  en  particulier  resserre  les  raies  spectrales  et  rend  le 
systSme  sensible  ^  I’effet  doppler. 

Quel  est  le  nombre  d’utilisateurs  que  vous  jugez  possible  et  avez-vous 
envisage  une  mdthode  pour  augmenter  ce  nombre  ? 

AUTHOR’S  REPLY 

I  currently  envisage  the  system  to  have  five  users.  It  is  possible  that  this 
number  of  users  could  be  increased.  The  number  of  users  is  limited  by  the 
distance  between  the  spectral  lines  of  different  users.  If  this  distance  (in  Hz) 
is  less  than  the  possible  channel  frequency  shift,  errors  will  occur.  It  is 
possible  that  a  greater  number  of  users  could  be  used  since  the  frequency 
shifts  on  the  different  paths  are  unrelated. 
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Summary 

A  flexible  design  tool  for  mobile  radio  networks  has  been 
implemented.  Both  low  level  areas,  such  as  modulation,  coding 
and  synchronisation,  and  high  level  techniques  involving  protocol 
details  can  be  analysed  simultaneously.  The  simulation  software 
is  based  on  a  Rayleigh  fadingchannel  model  with  a  network  layer 
protocol  implementation.  This  raper  describes  how  a  Rayleigh 
distribution  can  be  generated  and  how  it  is  used  to  implement  the 
channel  simuladonbyacon  version  to  probability  of  error  based  on 
the  modulation  technique  required.  The  network  model  is  dis¬ 
cussed  with  reference  to  the  OSI  Open  Systems  Interconnection 
reference  model  and  the  variable  configuration  is  described.  To 
assess  the  success  of  the  system  an  investigation  into  the  use  of 
variable,  optimum  length  packets  is  illustrated. 


1.  Introduction 

Since  radio  networks  were  developed  in  the  early  sevenues 
the  vast  majority  have  had  a  teiminal  hieraichy  in  which  a  few  base 
station  terminals  have  the  responsibility  of  controlling  the  whole 
network.  This  system  has  persisted  from  the  first  Aloha  network 
through  the  development  of  packet  radio  by  ARPA  [1]  to  the 
present  day.  However  it  has  the  disadvanuige  that  both  reliability 
and  security  depend  heavily  on  the  network  stations.  If  these  fail 
then  network  collapse  can  follow.  In  addition,  due  to  the  power 
and  complexity  required  of  a  computer  capable  of  conuoiling  a 
whole  network,  the  portability  o' such  a  system  is  limited.  Less 
hierarchical  systems  oveicome  these  problems  and  are  becoming 
imponant  for  both  military  and  civilian  applications.  With  the 
advent  of  cheap  pixxxssing  power  completely  non-hierarchlcal 
networks  comprising  identical  terminals  udlising  a  distributed 
control  approach  are  now  possible.  This  approach  is  particularly 
suitable  tor  relatively  small  networks  where  the  flow  of  cunuol 
information  is  low. 

The  control  protocols,  access  methods  and  nansmission 
schemes  developed  for  networks  with  a  terminal  hierarchy  are  not 
necessarily  the  most  efficient  and  effective  in  a  truly  mobile 
completely  non-hierarchical  network.  In  the  design  of  such  a 
disuibuted  mobile  radio  network  many  factors  have  to  be  consid¬ 
ered  simultaneously.  These  include  modulation  and  synchronisa¬ 
tion  schemes,  errarcontrol  strategies  and  control  protocols.  Hence 
the  need  for  a  flexible  integrated  simulation  facility  to  allow 
assessment  of  these  and  other  problems  was  foreseen. 

Such  a  facility  has  been  designed.  It  allows  many  different 
techniques  to  be  tested  under  completely  repeauible  conditions 
and  theireffects  on  either  the  whole  network,  ora  specific  part  of 
it,  to  be  determined.  Emphasis  has  been  placed  on  simulating  a 
distributed  mobile  network  with  line  of  sight  links  in  the  VAJHF 
region  utilising  a  packet  switched  protocol.  However  the  flexibil¬ 
ity  of  the  system  allows  any  of  the  above  conditions  to  be  relaxed. 

The  simulation  has  two  definite  layers.  The  lower  level  is  a 
channel  simulation  which  allows  different  modulation  and  chan¬ 
nel  synchronisation  schemes,  errorcontrol  codes,  low  level  diver¬ 
sity  strategies  and  error  models  to  be  imposed  on  given  channel 
conditions.  Built  on  this  is  the  network  simulation.  Different 
control  protocols  and  access  schemes  can  be  tested  in  a  network 
with  an  arbitrary  configuration. 


2.  Channel  Simulation 

One  of  the  worst  problems  the  mobile  radio  network  de¬ 
signer  has  to  face  is  the  fading  of  received  signal  strength  in  urban 
areas.  There  is  very  rarely  a  direct  line  of  sight  path  between  two 
terminals,  the  sign^  is  received  after  having  been  widely  scattered 
by  intervening  buildings  and  other  obstacles.  This  results  in  the 
received  signal  being  thesum  of  waves  arriving  from  many  angles. 


The  small  differences  in  propagation  time  of  each  of  the  compo¬ 
nents  cause  severe  fading  at  the  receiver. 

Tests  have  been  carried  out  in  urban  areas  world-wide 
(23,4,5]  and  all  show  that  the  shon  term  amplitude  variauons  of 
the  received  power  obey  a  Rayleigh  probability  density  function. 
In  addition  this  result  has  been  predicted  by  theory  [6].  Since  this 
IS  the  worst  type  of  fading  encountered  in  mobile  radio  systems  the 
channel  simulation  will  be  based  on  such  a  Rayleigh  fading 
channel.  Although  techniques  perfected  under  these  conditions 
may  not  be  the  most  efficient  they  will  work  in  almost  any  other 
channel  conditions. 

Toachieve  the  flexibility  and  repeatability  required  from  the 
simulation  the  envelope  of  a  Rayleigh  faded  wave  was  saved  to 
disk.  This  has  the  advantage  that  the  wave  can  be  completely 
characterised  along  its  entire  length  in  detail  before  any  analysis 
takes  place.  In  addition  it  will  shorten  simulation  time  as  the 
Rayleigh  fading  wave  will  not  need  to  be  generated  continuously 
as  a  test  progresses.  The  only  drawback  is  that  the  length  of  the 
signal  is  finite  and  during  long  tests  the  fading  may  start  to  repeat. 
This  has  been  overcome  by  saving  a  long  length  of  the  envelope 
and  making  sure  that  any  channel  simulations  do  not  use  the  same 
area  of  signal  data  twice. 


2.1  Generaling  a  Raleigh  Dislribulion 

One  of  the  definitions  of  the  Rayleigh  distribution  is  that  it 
is  the  sum  of  two  independent  random  functions  with  Gaussian 
probability  density  functions.  This  is  useful  to  bear  in  mind  when 
considering  how  Rayleigh  fades  are  generated.  Tne  method  used 
to  generate  a  fading  envelope  is  similar  to  the  method  of  fading  a 
signal  described  by  Ralphs  and  Sladen  among  others  17,8.9,10). 
To  achieve  fading  the  input  signal  is  quadrature  filtered  to  obtain 
equal  amplitude  quadrature  phase  signals  Then  each  of  these  is 
amplitude  modulated  by  independent  random  functions  with 
Gaussian  distnbutions.  The  resultant  signals  are  then  uniformly 
summed  and  the  output  is  a  version  of  the  input  signal  which  has 
been  Rayleigh  faded. 

However  to  generate  only  the  envelope  of  a  faded  signal  is 
simpler  than  this,  as  seen  in  figure  2. 1 .  Assuming  that  a  sine  wave 


Figure  2.1  -  Block  diagram  of  method  of  generating  Rayleigh 
fading  envelope 
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is  the  input  then  a  cosine  wave  is  the  quadrature  phase  component 
and  the  sum  of  the  modulator  ouqtuts  is 

y(t)  =  Acos(t)  +  Bsin(t)  (1) 

where  A  andB  are  random  Gaussian  variables.  The  envelope  is  the 
maximum  value  that  this  can  have  for  every  different  value  of  A 
and  B.  Diffeienuating  equation  1  gives  :■ 

^(t)  =  Asin(t)  -  Bcos(t)  (2) 

dt 

The  value  of  t  which  maximises  y(t)  is  hence  given  by: 

t  =  tan‘(B/A)  (3) 

Subsdtutingthisbackintoequation  1  will  give  the  maximum  value 
of  y(t)  and  hence  the  envelop  of  the  signd.  This  method  requites 
only  two  independent  Gaussian  variables  to  be  calculated  and  is 
hence  relatively  fast  and  simple  to  generate.  An  example  section 
of  the  type  of  signal  generated  is  shown  in  figure  2.2. 


Figure  2.2  -  Envelope  of  Rayleigh  faded  signal  (log  scale) 

It  is  important  that  the  faded  data  saved  on  disk  does  not 
repeat.  The  duration  of  the  Rayleigh  sequence  generated  before  it 
repeats  depends  on  the  Gaussian  sources  used.  If  the  lengths  of  the 
Gaussian  sequences  have  no  common  divisor  then  the  length  of  the 
Rayleigh  envelope  is  theu  product.  The  sequences  are  generated 
using  Kedback  shift  registers  to  produce  maximum  length  se¬ 
quences.  The  shift  registers  chosen  were  2S  and  28  bits  long.  The 
s^uences  generated  by  these  are  33,554,43 1  bits  and 268,435,455 
bits  long  respectively.  The  total  length  of  the  Rayleigh  envelope 
IS  then  the  piquet  of  these  two  -  9,007, 198,952,75 1 , 105  points.  If 
the  shift  registers  were  to  be  clocked  say  100,000 times  per  second 
then  the  sequence  would  take  9x10'°  seconds  or2,817yearstoend! 
Therefoie  an  envelope  can  be  generated  which  is  as  long  as  is 
required  and  will  effectively  never  repeat. 


2.2  Fade  Rate 

Toconduct  meaningful  Dials  it  is  essential  to  be  ablctorelate 
the  data  stored  on  disk  to  the  fade  rate  which  would  be  expected 
in  an  actual  mobile  channel.  Bodtmann  and  Arnold  [11]  imple¬ 
ment  a  similar  type  of  fading  generator  and  produce  the  Egures 
that,  assuming  a  mobile  velocity  of  30  mph  and  acamer  frequency 
of 900MHz,2'*-l  points  are equivalentto  131  seconds  fading  time. 
Of  coune  this  information  has  to  be  treated  with  caution  and  is 
rather  rough  but  it  is  a  good  guide.  Based  on  this  one  second  is 
approximately  equivalent  to 4000 points.  This  information  makes 
It  possible  to  calculate  the  length  of  dme  the  envelope  data  on  disk 
represents. 

Jakes  (12]  derives  a  useful  expression  for  the  mean  rate  of 
occurrence  of  fades  below  the  amplitude  R : 


where  p  =  R/Rr,  Rr  is  the  root  mean  square  of  the  distribution,  v  is 
the  mobile  velocity  and  \  is  the  earner  wavelength.  This  shows 
that  the  fade  rate  is  proportional  to  both  velocity  and  carrier 
frequency.  Together  with  knowledge  of  the  number  of  points  per 
second  at  a  particular  mobile  velocity  and  carrier  frequency  these 
two  parameters  can  be  vaned. 

Equation  4allows  a  rough  companson  of  the  theoretical  fade 
rate  and  the  results  obtained  usmg 4000 points  per  second.  If  a  fade 
IS  defined  to  be  when  the  amplitude  drops  below  the  RMS  value 
of  the  signal  then  the  fade  rate  is  found  when  p  =  1 .  In  addition 


30mph  is 48.28 km/h  or  1 3.4  m/s  and  the  wavelength  of  a900 MHz 
carrier  is  0.3333  metres.  Substituting  these  values  into  equation  4 
gives  a  mean  fade  rate  of  37  fades  per  second.  Companson  with 
die  number  of  fades  produced  by  the  generator  is  favourable,  it 
gives  between  35  and  40  fades  per  second. 


23  Simulating  a  Channel 

Generaung  the  Rayleigh  envelope  described  in  the  previous 
secdons  is  only  a  single  step  toward  simuladng  a  channel.  The 
quesuon  still  remains  of  how  to  use  theenvelope.  For  the  purposes 
of  the  network  model  the  requirement  is  to  be  able  to  tell  reladvely 
quickly  how  many  errors  occur,  if  any,  when  a  packet  is  transmit¬ 
ted  over  a  given  channel.  Hence  the  envelope  needs  to  be 
translated  into  channel  condidons  which  are  controllable  and 
which  can  be  used  to  determine  if  and  where  errors  would  occur. 
A  brief  oudine  of  how  this  is  achieved  is  that  the  fade  envelope  is 
assumed  to  be  a  received  signal  level  then  noise  is  addra  to 
produce  a  signal  to  noise  rado.  This  can  be  converted  to  a 
probability  of  bit  error  and  the  locadon  of  any  errors  detected. 


23.i  Conversion  of  Fade  Envelope  to  Signal  to  Noise  Ratio 

To  save  memory  all  faded  points  were  saved  as  two  byte 
integers  instead  of  four  byte  real  numbers.  This  involves  scaling 
the  points  up  to  the  maximum  integer  and  rounding  them.  It  does 
inDoduce  a  small  amount  of  quantisation  eDor  but  this  is  minimal 
and  can  be  neglected.  As  points  are  read  in  they  are  scaled  to  give 
the  required  root  mean  square  signal  level  before  noise  is  added. 

Addition  of  noise  to  the  signal  level  is  fairly  flexible.  A  noise 
signal  can  either  be  calculated  as  the  simulation  progresses  or  can 
be  precalculated  and  stored  on  disk  in  the  same  manner  as  the 
signal  level.  However  when  information  on  the  amplitude  vari¬ 
ations  of  noise  was  sought  vety  little  accurate  data  on  the  ranges 
of  interest  could  be  found.  Since  equipment  was  available  to  make 
tests  some  brief  trials  were  conducted.  In  urban  areas  interference 
from  man-made  sources  is  a  severe  problem.  However  this  is 
extremely  variable,  time  dependent  and  difficult  to  characterise  in 
short  term  trials  Samples  of  background  noise  were  recorded  at 
different  frequencies  though  and  the  amplitude  disDibutions  of 
these  were  calculated.  The  results  show  that  the  noise  fits  a 
Gaussian  distribution  surprisingly  well,  a  typical  result  is  given  in 
figure  2.3.  Hence  a  Gaussian  variable  generator,  similar  to  those 
used  to  produce  values  for  the  Gaussian  modulators  when  gener¬ 
ating  Rayleigh  fading,  was  implemented  as  a  noise  source. 

When  noise  of  a  suitable  frequency,  vanance  and  mean  level 
has  been  generated  it  is  divided  into  the  signal  level  to  produce  an 
instantaneous  signal  to  noise  ratio. 


Figure  2.3  -  Normalised  dismbution  of  noise  with  perfect 

Gaussian  distnbution  superimposed..  Sampled  at 
22kHz  at  frequency  of  201 .2MfIz. 
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233.  ProbabUity  of  Error 

Conversion  of  the  signal  to  noise  ratio  to  a  probability  of  bit 
eiror  is  performed  using  standard  expressions  for  each  rape  of 
modulation  [13].  The  equations  relate  steady  signal  condidons  to 
a  received  probability  of  error  under  Gaussian  white  noise  condi¬ 
tions.  At  present  low  level  techniques  such  as  FSK,  ASK,  PSKand 
DPSK  have  been  implemented.  The  application  of  such  expres¬ 
sions  to  each  individual  signal  to  noise  ratio  point  gives  an 
instantaneous  probability  of  error.  The  suitability  of  iheequations 
used  for  this  purpose  is  not  ceitain.  If  the  signid  to  noise  ratio  of 
each  point  is  assumed  to  be  constant  fora  short  length  of  time  then 
it  would  seem  reasonable  to  apply  such  steady  state  expressions  to 
give  a  fixed  probability  of  error  even  though  it  is  for  a  very  brief 
interval.  The  assumption  of  Gaussian  white  noise  that  these 
expressions  include  means  that  the  addition  of  Gaussian  ncise  to 
the  signal  level  is  not  necessarily  required.  A  constant  noise  level 
can  be  assumed  which  improves  the  speed  of  the  simulation  and 
reduces  its  complexity. 

The  probability  of  error  is  used  to  p*  diet  where  bit  errors 
will  occur  using  Monte  Carlo  simulation,  ie.  generating  random 
numbers  and  checking  them  against  an  error  threshold.  A  minor 
complication  arises  when  fade  rate  or  the  data  transmission  rate 
change.  Except  in  exceptional  circumstances  there  are  always 
several  packet  bits  to  one  fade  point.  Thus  the  number  of  bits  pCT 
point  needs  to  be  calculated  and  the  probability  of  eiror  slightly 
altered.  For  example  a  typical  transmission  rate  is  i6kbit/s  and  at 
a  mobile  speed  of  30mph  there  are  4000  fade  points  per  second. 
Hence  there  are  4  transmitted  bits  per  fade  point.  It  is  assumed  that 
these  bits  will  all  suffer  the  same  probability  of  error  and  it  is 
required  to  find  the  probability  that  none  are  in  error.  This  is  done 
using  the  expression 

B 

p(no  emirs  i.i  B  bits)  =  (1  -  pj)  (5) 

where  p,  is  the  probability  of  error,  constant  for  all  B  bits.  Thus 
errors  can  be  detected  as  both  the  fade  rate  and  transmission  rate 
change.  Figure  2.4  demonstrates  the  type  of  output  produced  by 
the  channel  simulation. 


Figure  3.1  -  Mapping  of  Signal  to  noise  ratio  to  probability  of 
error.  RMS  SNR  is  lOdB  for  a  packet  of  length 
2(KX)bits  at  Itikbit/s  andmobile  velocity  of  30mph. 
Modulation  type  assumed  is  FSK. 

2.4  Summary  of  Channel  Simulation 

The  main  aim  of  the  channel  simulation  was  that  it  should  be 
flexible  and  that  all  the  parameters  should  be  vanable  in  a 
controllable  manner.  This  has  been  achieved  in  a  simulation  that 
IS  relatively  efficient  and  fast.  It  should  also  be  noted  that, 
although  the  channel  is  based  on  fading  with  a  Rayleigh  distribu¬ 
tion  and  the  generation  of  this  has  been  described,  it  is  possible  to 
change  the  amplitude  dismbution  of  the  received  signal  without 
altering  the  simulation.  If  a  data  file  is  generated  containing  data 
representing  fading  with  Ricean,  Gaussian,  log  normal  plus 
Rayleigh  or  any  other  dismbution  it  could  be  substituted  in 
directly  to  replace  the  Rayleigh  fade  data.  In  time  a  library  of 
channel  conditions  could  be  developed. 

Despite  the  apparent  flexibility  of  the  system  there  are  a 
number  of  factors  which  are  not  implemented.  These  include 
frequency  selective  fading,  Doppler  shift,  propagation  delay  and 
the  FM  noise  caused  by  effectively  random  phase  changes  at  the 


receiver.  Howeverthiswasconsideiedtobeacceptableasloagas 
it  is  bane  in  mind  when  assessuigresultsandif  techniques  w&h 
ate  unduly  arfected  by  any  of  the  above  are  avoided. 

An  area  on  which  no  information  could  be  found  was  the 
effect  of  two  ground  level  terminals  communicating  in  built  up 
areas.  In  a  distributed  netwoik  there  are  no  high  up  base  stations 
to  relay  packets,  however  the  signal  level  between  two  mobile 
terminals  has  not  been  extensively  analysed.  Since  a  Rayleigh 
dismbution  is  the  product  of  randomly  scattered  waves  then  the 
fading  should  still  exhibit  a  Rayleigh  pattern.  The  mean  received 
signal  levels  will  be  far  lower  ^ugh  and  the  signal  should 
confoim  to  a  Rayleigh  distribution  more  closely  especially  in  less 
urban  areas. 

The  channel  simulation  includes  the  inherent  assumption 
that  there  is  a  perfect  error  detection  scheme  in  use  in  the  transmit¬ 
ted  packet.  Tliis  can  not  only  detect  all  errois  but  can  accurately 
locate  the  position  of  every  ena  without  fail.  In  a  practical  system 
this  is  an  impossibility.  If  a  non-perfect  code  is  requued  a 
probability  of  detection  can  be  introduced.  In  all  tests  conducted 
so  far  the  only  fact  used  is  whether  there  are  any  errors  present  or 
not.  If  coding  schemes  are  to  be  assessed  the  channel  simulation 
will  be  useful  in  producing  realistic  error  patterns  for  the  type  of 
channel  desired. 


3.  The  Network  Model 

The  model  for  the  netwak  is  a  teiminal  based  simulation. 
The  software  simulates  the  functions  and  actions  of  each  terminal 
as  opposed  to  modelling  the  network  traffic.  This  makes  the  model 
ide^  for  the  simulation  of  a  distributed  network  where  all  teimi- 
nals  are  identical.  A  control  protocol  for  a  mobile  radio  netwak 
should,  if  efficiently  planned,  be  different  from  any  other  network 
rotocol  only  in  ihe  lower  levels.  In  relation  to  the  ISO  Open 
ystems  Interconnection  reference  model  [14,15,16]  onlv  the 
network  and  data  link  layen  would  “know"  that  the  channel  was 
not  fixed  and  need  to  be  alrred  accordingly.  Hence  the  functions 
performed  by  these  layers  a,e  all  that  it  is  required  to  implement 
for  each  terminal  in  the  network. 

The  chruinel  simulation  is  obviously  an  implemenution  of 
the  physical  layer.  However,  since  it  also  detects  errors  and  is 
responsible  fa  the  selection  and  control  of  quality  of  service 
parameters  itdoes  in  addition  perform  many  of  the  functions  of  the 
dau  link  layer  This  base  is  then  used  to  support  the  rest  of  the 
network,  which  is  basically  an  implemenution  of  the  network 
laya  in  that  it  controls  routing,  delivery  confirmation,  congestion 
control,  error  notification  and  decisions  on  quality  of  service 
parameters. 

The  ISO  reference  model  is  not  implemented  directly  since 
It  was  considered  that  this  would  cause  a  large  increase  in  the 
simulation  complexity  fa  little  or  no  performance  gain.  In 
addition  large  paru  of  the  model  would  be  redundant  when  only 
the  functions  of  the  network  layer  are  requued.  However  ideas  of 
the  ISO  model  are  used,  such  u  the  modular  structure  gained  by 
using  “service  primitives”  to  perform  each  operation.  This 
makes  the  network  more  flexible  since  it  is  simple  to  change  and 
does  not  requue  large  amounts  of  programming  to  alter  small 
protocol  det^s.  When  fum  prouicol  recommendations  are  avail¬ 
able  such  a  structure  will  mrire  it  easy  to  translate  them  from  the 
netwak  simulation  into  a  real  mobile  network  which  is  based  on 
a  standard  reference  model. 

At  present  the  channel  and  netwoik  sunulation  is  capable  of 
modelling  access  schemes  in  which  the  channel  is  single  user  only. 
Channel  access  schemes  such  as  code  division  mdtiple  access 
(CDMA)  using  spread  spectrum  techniques  and  frequency  divi¬ 
sion  multiple  access  (FDMA),  in  which  the  channel  is  accessed 
simultaneously  by  two  or  more  users,  canna  be  implemented. 
However  time  division  multiple  access  (TDMA),  carrier  sense 
schemes,  random  access  methods  such  as  Aloha  a  any  hybrid  mix 
of  these  are  all  possible.  This  means  that  there  is  a  great  deal  of 
scope  for  tesung  existing  and  experimental  control  praocols. 

The  network  model  has  been  designed  to  operate  with  a 
relatively  small  number  of  terminals.  Any  number  up  to  about  ten 
could  be  included,  but  beyond  this  the  model  would  become 
extremely  complex  and  simulation  speeds  would  be  severely 
impaired.  Five  termmals  is  about  the  opumum  number  but  in 
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specific  tests  only  two  or  three  tenninals  ste  required  to  be 
implemented.  For  most  purposes  this  is  sufficient  Even  when 
testing  protocol  details  which  require  a  complex  network  configu¬ 
ration,  such  as  touting  algorithms,  ten  terminals  would  be  enough. 

Network  configuratioo  has  been  assumed  to  relate  to  die 
signal  to  noise  rados  and  overall  channel  conditions  between 
individual  terminals.  These  can  be  calculated  by  giving  each 
terminal  a  location,  either  fixed  ormobile,definedby  coorSnates 
and  using  them  to  measure  distances  between  them  and  hence 
signal  to  noise  ratios.  However  diese  signal  to  noise  ratios  are 
atbit^  and  the  distances  ate  used  only  to  get  the  channel 
conditions  to  vary  relative  to  one  another  in  the  correct  manner 
between  required  limits.  Equations  are  available  which  relate 
distance  to  signal  to  noise  ratio  in  urban  areas,  but  these  require 
detailed  information  -<bout  building  statistics  in  the  vicinity. 
During  most  trials  it  is  required  that  only  the  network  channel 
conditions  vary  in  a  prescribed  manner  not  necessarily  the  dis¬ 
tances  between  terminals.  Hence  for  individual  trials  almost  any 
network  configintion  can  be  implemented  in  which  the  channel 
conditions  vary  in  the  required  manner. 

4.  Testing  the  Network  ■  Optimum  Packet  Length 

The  network  model  could  be  used  to  examine  many  tech¬ 
niques.  However  there  are  two  main  areas  m  which  the  model  may 
be  used  to  obtain  results.  When  conducting  tests  on  tow  level 
techniques  such  as  synchronisation,  ceding  or  modulation  the 
results  should  include  data  on  link  performance  for  individual 
channel  conditions  at  well  at  total  network  throughput  Higher 
level  tests  on  network  control  strategies  will  require  detailed 
information  on  packet  loss  rates,  individual  terminal  states  and 
again  on  total  network  throughput  The  model  should  be  struc¬ 
tured  in  such  a  way  that  all  the  above  data  is  easily  available.  The 
best  way  to  determine  whether  this  is  the  cate,  and  to  assess  the 
effectiveness  of  the  model,  is  to  perform  tome  trials. 

Therefore  a  study  of  optimum,  variable  length  packets  was 
conducted.  This  is  a  simple  way  of  maintaining  network  throuj^- 
pul  as  channel  conditions  degr^.  Apart  from  being  useful  in  its 
own  right  the  work  should  highlight  any  problems  with  the 
network  model.  In  addition  to  requinng  low  level  information  on 
Itnk  petfomance  a  specific  protocol  design  is  necessary  so  that  the 
optimum  lengths  can  be  tested  under  reaUstic  network  conditions 
and  their  performance  compared  to  arange  of  fixed  length  packets. 

4.1  Teat  Network  Models 

Before  any  woik  can  be  started  a  deftnition  of  ‘optimum 
packet  length'  is  required.  For  the  purposes  of  this  investigation 
It  will  mean  the  packet  length  which  maximises  individual  channel 
throughput.  Therefore  the  restrictions  on  throughput  in  terms  of 
packet  length  need  to  be  clearly  identified.  The  first  and  roost 
obvious  factor  is  that  packet  loss  rate  will  increase  as  packet  fengih 
isincteasedduetoanhighernumberofeirorswithin packets.  To 
offset  this  there  is  the  fact  that  as  packets  get  shorter  more  time  is 
wasted  in  the  gaps  between  packets,  ie  the  overheads  increase. 
Thus  the  optimum  length  is  a  Mance  between  long  packets  failing 
more  often  and  the  increased  number  of  inter-packet  gaps  as 
lengths  decline. 

Therefore  the  factors  which  affect  throughput  in  addition  to 
packet  length  are  the  channel  conditions  -  signal  to  noise  ratio  and 
fade  rate,  and  the  inter-packet  gap.  The  inter-packet  gap  length 
will  be  assumed  to  be  constant  for  all  packet  lengths,  which  is  mtxe 
or  less  true  in  most  systems.  A  definition  of  the  gap  is  also 
requued.  For  the  purposes  of  this  work  it  will  be  assumed  to 
include  the  actual  period  of  time  between  transmissions  plus  the 
preamble,  in  fact  all  times  when  data  is  not  being  transmitted. 
Hence  simulations  are  requited  in  which  the  signal  to  noise  ratio 
and  fade  rate  vary  in  a  controllable  manner.  This  needs  to  be 
repeatable  so  that  both  the  c^timum  and  various  fixed  length 
packets  can  be  tested  at  different  inter-packet  gap  lengths. 

Twodifferenttestsimulationsweredeveloped.  Thefintand 
simplest  was  to  use  just  the  basic  channel  simulation  with  vanabie 
mean  signal  to  noise  ratio  and  fade  rate.  The  fade  rate  was  varied 
by  changing  the  mobile  terminal  speed  In  order  to  assess  packet 
pmormance  for  each  individual  charmel  condition  both  signal  to 
noise  ratio  and  fade  rate  were  varied  separately  in  discrete  steps. 
Each  channel  state  was  held  for  a  length  of  simulated  time  and 
separate  results  compiled  for  the  performance  of  the  current 
packet  length  and  inter-packet  gap  length  in  each  of  the  different 


channel  conditions.  Totals  were  calculated  for  each  packet  and 
inter-packet  gap  length  to  show  the  overall  performance  as  the 
channel  varies.  This  configuration  is  analogous  to  a  simplex  link 
between  two  mobile  terminals  using  no  handshaking  or  control 
protocols.  The  simulation  was  used  for  two  purposes.  Initially 
optimum  lengths  had  to  be  found  hence  different  packet  lengths 
were  tried  witii  different  inter-packet  gap  lengths  for  each  channel 
condition.  When  the  emtimum  lengths  were  being  tested  it  was 
used  to  analyse  the  performance  in  each  channel  condition. 

A  more  complex  network  configuration  was  created.  This 
model  simulated  a  more  realistic  protocol.  To  include  the  effect 
of  packets  beingreper^ted  by  other  terminals  the  networkconsisted 
of  two  fully  functioning  mobile  terminals  with  a  dumb  repeater 
terminal  somewhere  between  them.  Therepeaterterminalsimply 
rebroadcasts  all  packets  which  itreceives  without  errors.  It  cannot 
change  the  packet  length  to  keep  it  optimum.  This  configuration 
represents  a  small  part  of  a  network  in  which  two  users  have  a 
session  connection  and  the  broadcast  packets  are  routed  by  an 
intermediate  terminal.  A  positive  acknowledgement  system  was 
used  to  control  errors.  The  two  terminals  transfer  data  between 
each  other  and  when  a  packet  is  successful,  ie.  it  has  no  errors,  an 
acknowledgement  is  sent  which  can  be  'piggybacked'  on  the  next 
data  packet.  If  an  acknowledgement  is  not  received  for  a  given 
packet  the  source  terminal  will  retransmit  that  packet. 

The  channel  access  method  used  is  a  persistent  carrier  sense 
(CSMA)  scheme.  As  soon  as  the  channel  is  quiet  a  terminal  wilt 
transmit.  This  allows  variable  length  packets  to  be  used.  To 
measure  the  maximum  throughput  both  terminals  always  have 
packets  to  go.  Since  for  a  ranoam  CSMA  scheme  such  heavy 
loading  would  cause  the  netwoik  to  collapse  each  terminal  trans¬ 
mits  in  turn  in  a  token  passing  manner.  Toensure  that  the  repeater 
does  not  consistently  favour  one  terminal  it  is  given  die  opportu¬ 
nity  to  transmit  after  both  terminals,  if  it  has  a  packet  to  repeat. 

For  a  more  realistic  sunulation  the  channel  conditions  were 
vancdcominuously.  It  is  required  to  vary  the  fade  rate  and  signal 
to  noise  ratio  between  maximum  andmimmum  limits  whichcover 
the  range  over  which  the  throughput  degrades.  The  fade  rate 
received  at  each  of  the  terminals  was  vaned  by  changing  the 
velocity  of  the  mobile  terminals  independently  in  a  sinusoidal 
manner.  It  is  important  that  the  repeater  terminal  be  between  the 
other  two.  Therefore  the  positions  of  the  terminals  were  varied, 
making  sure  that  the  repeater  was  between  the  others.  Then  the 
distances  between  the  three  points  were  calculated  and  the  signal 
to  noise  ratios  variedtn  proportion  to  these  distances.  The  mobiles 
were  moved  sinusoidally  at  different  frequencies  between  limits 
which  gave  suitable  maximum  and  minimum  signal  to  noise 
ratios.  Due  to  the  wide  standard  deviation  of  Rayleigh  fading  the 
minimum  limit  is  about  lOdB  at  which  very  little  can  get  through 
the  channel.  The  maximum  limit  is  about  30dB  where  the  errors 
have  ceased  to  occur  in  bursts  and  approach  a  random  Gaussian 
distribution. 

4.2  Algorithms  for  Optimum  Packet  Length 

Before  an  optimum  algorithm  was  developed  for  variable 
signal  to  noise  ratio  and  fade  rale  the  two  parameters  were 
examined  independently.  Two  channel  simulations  were  started. 
One  held  the  fade  rate  consuuii  at  a  value  corresponding  to  a 
mobile  speed  of  30mph  and  the  signal  to  noise  ratio  was  vaned  in 
steps  from  9dB  to  30dB.  The  other  held  signal  to  noise  ratio 
consuuit  at  20d6  and  vaned  the  mobile  speed  between  lOmph  and 
SOmph.  These  produced  figures  giving  the  probability  that  a 
packet  of  a  given  length  will  succeed,  ie.  have  no  errors,  undereach 
panicular  channel  condition. 

The  probabilities  of  packet  success  can  be  converted  to  a 
theoretical  maximum  channel  throughput  for  different  inter-packet 
gap  lengths  using  equation  6. 

Throughput  =  D.L.i.p  (6) 

L  +  IPG 

where  D  =  data  rate  (bil/s) 

L  =  packet  length  (bits) 
t  =  time  (seconds) 

p  =  probability  that  packet  length  L  will  be  successful 
IPG  =  inter-packet  gap  length  (measured  in  bits) 

Since  the  daui  rate  and  time  are  constant  and  arbitrary  for  ali  packet 
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Packet  Leng<Ji(Biu) 

Figure  4.1  -  Channel  throughput  in  100  seconds  against  packet 
length  for  SNRs  12dB  to  22dB  at  an  IPG  length  of 
SOObits 


Opumum  Length  (Bits) 

Figure  4.3  -  Optimum  packet  length  at  an  IPC  length  of  SOO 
bits,  algorithm  prediction  superimposed 


lengths  they  can  be  dropped  to  gtve  a  throughput  efficiency, 
equation  7. 

Throughput  Efficiency  =  __Lp _  (7) 

L  +  IPG 

Ftgures  4. 1  and  4.2  show  throughput  at  an  tntcr-packet  gap  length 
of  SOO  bits.  The  optimum  lengths  are  the  maxtmum  points  of  the 
curves  in  figures  4. 1  and  4.2.  These  were  therefore  idenufied  and 
plotted  against  their  respective  channel  conditions,  as  in  figures 
4.3  and  4.4. 

An  optimum  length  algonthm  should  approximate  the  curves 
in  figures  4.3  and  4.4.  A  minimum  packet  length  of  100  bits  has 
been  applied  and  it  can  be  seen  that  the  curves  for  signal  to  noise 
ratio  approach  a  maximum  asymptote.  Hence  suiuible  maximum 
and  minimum  limits  can  be  identified.  Between  these  the  curves 
are  almost  straight  hence  a  linear  approximation  can  lx,  used.  Hus 
was  done  for  each  inter-packet  gap  length  and  then  the  parameters 
of  these  lines  were  themselves  approximated  Imearly.  The  resuit¬ 


PKkel  Length  (Bus) 

Figure  4.2  -  Throughput  efficiency  of  vanous  packet  lengths  at 
speeds  from  lOmph  to  70mph  and  at  20dB  SNR  at 
an  IPO  length  of  500biis 


Figure  4.4  -  Optimum  packet  lengths  plotted  against  reciprocal 
of  speed  at  IPG  length  of  500  bits 

ing  algorithms  are  given  in  equations  8  to  IS. 

Fade  Rate  Opt  Length  =  _Ji_  +  B  bits  (8) 

Speed 

SNR  Opt  Length  =  C.SNR  -  D  bits  (9) 


where  A  =  5.64*IPG  +  28()4  (10) 

B  =  0.47*1PG  +  558  (11) 

C  =  0.205*1PG  +  58.5  (12) 

D  =  2.71*1PG  +783  (13) 

with  Minimum  Length  =  100  bits  (14) 


Max  for  SNR  opt  length  =  1.5*1PG  +  750  bits  (15) 
These  may  appear  to  be  very  tough  approximations  however  they 
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Figure  4.5  -  (Comparison  of  simulated  and  algorithm  optimum  packet  lengths  for  varying  SNR  and  fade  rate 
at  IPG  of  400  bits.(a)  Simulated  opumum  lengths  and  (b)  ratio  algorithm  of  equation  17 
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are  surprisingly  close  to  the  simulated  curves  at  all  inter-packet 
gap  lengths.  If  they  perform  well  when  tested  it  will  prove  that 
opumum  length  packets  ate  beneficial  even  if  they  ate  rough 
approximations  to  the  ideal  optimum. 

Toderive  an  optimum  packet  length  for  use  when  both  signal 
to  noise  ratio  and  fade  rate  change  the  two  algorithms  found  were 
combined.  They  intercept  at  20dB  and  3(^ph.  The  optimum 
packet  length  at  this  point  is  coincidentaly  1000  bits.  Therefore 
there  are  two  options  available.  The  algonthms  can  be  added  and 
1000  subtracted. 

Sum_Opt  =  SNR_Opt  -»■  Fade_Rate_Opt  -  1000  bits  (16) 


sample  results. 

All  four  algondims  wete  tested  on  the  network  model  with 
a  repeater  terminal  and  the  results  compared  to  various  fixed 
len^  packets.  Again  only  the  relevant  parameters  were  varied, 
but  for  this  simulation  they  changed  continuously  as  described  in 
section  4.1.  This  means  that  no  results  are  available  for  each 
individual  channel  state,  only  over  the  whole  path.  Typical  results 
arc  shown  in  figure  4.8.  It  should  be  noted  that  the  results  are 
specific  to  the  particular  path  simulated  and  the  way  that  the 
channel  parameters  were  varied  on  the  path. 

4.4  Analysis  of  Results 


Allemauveiy  the  two  can  be  multiplied  and  then  divided  by  1000. 

Ratio.Opt  =  SNR  Oct .  Fade  Rate  Opt  bits  (17) 

1000 

A  channel  simulation  was  started  which  varied  both  signal  to  noise 
ratio  and  fade  rate  in  discrete  steps  between  9dB  and  30dB  and 
lOmph  and  80mph  respectively.  The  resulting  probabilities  wete 
converted  to  throughput  and  the  optimum  packet  lengths  found. 
Figure4  Sgivesacomparison  of  these  results  and  equation  17.  It 
would  be  possible  to  use  the  simulation  results  to  derive  an 
optimum  length  algorithm  which  was  a  better  fit.  However  this 
would  be  a  long  and  tedious  process  so  both  equations  16  and  17 
will  be  tested. 

4,3  Testing  the  Optimum  I  ength  Algorithms 

The  four  algorithms  found  were  assessed  and  their  perform¬ 
ance  compared  to  a  range  of  fixed  length  packets  at  different  inter¬ 
packet  gap  lengths.  The  channel  simulation  allowed  comparisons 
at  particular  channel  conditions.  When  testing  the  optimum 
algorithm  for  varying  signal  to  noise  ratio  only  the  signal  to  noise 
ratio  was  changed  and  the  fade  rate  held  constant.  Similarly  for  the 
fade  rate  algorithm  only  the  fade  rate  was  varied  and  the  signal  to 
noise  ratio  held  constant.  Typical  results  are  shown  in  figure  4.6. 
The  algorithms  for  both  fade  rate  and  signal  to  noise  ratio  were 
tested  varying  both  channel  parameters.  Figure  4.7  gives  some 
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In  terms  of  the  optimum  packet  length  investigation  the  main 
result,  though  predictable,  is  that  optimum  packet  lengths  are 
always  as  good  as  or  better  than  any  single  fixed  length  at 
maximising  throughput.  However,  more  importantly,  the  results 
show  that  the  channel  simulation  and  network  model  are  effective. 
The  particular  protocol  implemented  worked  well  and  all  the 
information  required  to  analyse  performance  wasavailable.  There 
were  several  specific  points  to  arise  during  the  investigation 
though,  and  these  will  be  discussed  here. 

The  performance  of  the  optimum  packet  length  in  the  net¬ 
work  simulation  was  not  as  go<^  as  it  was  in  the  simple  channel 
simulation  relative  to  the  fix^  length  packets.  This  is  because  the 
repealer  terminal  changes  the  effective  probability  that  a  packet 
will  succeed  so  that  an  optimum  length  based  on  channel  condi¬ 
tions  is  no  longer  optimum.  However  since  all  the  links  in  a 
network  will  have  different  routes  and  local  configurations  this 
cannot  be  accounted  for  m  the  optimum  length  algorithm.  In 
addition  sending  acknowledgements  increases  the  redundancy  of 
the  system.  If  a  packet  is  successfully  received  but  the  acknow¬ 
ledgement  is  not  then  the  packet  is  needlessly  repeated. 

The  fade  rate  algonihm  is  not  as  effective  as  the  signal  to 
noise  ratio  algorithm  in  increasing  the  throughput.  The  explana¬ 
tion  for  this  IS  simply  that  a  varying  fade  rate  does  not  have  such 
a  severe  effect  on  the  channel  as  a  varying  signal  to  noise  ratio. 
Hence  it  is  more  imoortam  to  keep  the  packet  length  optimum 
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Fieure  4.6  -  Sample  throughputs  of  optimum  and  fixed  length  packets  at  an  IPG  length  of 200  bits  (a)  for  signal  to  noise  ratio  algorithm 
and  (b)  for  fa.  ,t:  algorithm 


. —  Rauoopunuun 

--  -  —  -  --  Sum opumuin 

- too  bn  length 

300  bn  length 

.  1 100  bn  length 

- -  .  _  .  iSOObitlength 


Figure  4.7  -  Throughput  of  optimum  and  fixed  length  packets  as  bolh  SNR  and  fade  rate  vary 
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Figure  4.>l  -  Total  throughput  of  optimum  and  fixed  length  packets  over  repeater  network  configuration  with  an  IPG  length  of  200 
bits :  (a)  Signal  to  noise  ratio  algonthm,  (b)  fade  rale  algomhm,  (c)  ratio  algonihm  and  (d)  ratio  algonthm  with  an  IPG 
length  of  300  bus 


lelalive  to  the  signal  to  noise  ratio  than  the  fade  rate. 

Both  combined  algorithms  for  varying  fade  rate  and  signal 
to  noise  ratio  had,  except  is  spMific  cases,  very  similar  perform¬ 
ances.  However  a  close  examination  of  the  figures  reveals  that 
equation  17,  the  ratio  optimum  algonthm,  is  marginally  more 
effective  When  it  is  considered  that  these  expressions  are  much 
worse  fits  to  the  simulated  optimum  lengths  than  either  the 
individual  signal  to  noise  ratio  or  fade  rate  algorithm  then  they 
perform  surpnsingly  well. 

A  major  jwint  which  had  to  be  considered  was  upon  which 
individual  link  in  a  network  route  should  the  optimum  length  be 
based?  If  the  destination  is  ‘aimed'  for  directly  then  the  advan¬ 
tages  of  having  terminals  repeat  or  route  a  packet  are  minimal. 
Since  repeating  terminals  will  not  re-optimise  a  packet  to  a 
different  length  then  using  the  channel  conditions  of  the  first  link 
en  route  is  likely  to  lower  throughput.  The  method  used  here  was 
to  base  the  optimum  length  on  the  channel  with  the  lowest  signal 
to  noise  ratio  likely  to  be  encountered  on  the  packet  route. 
However  when  the  route  is  longer  and  notcenain  this  method  may 
not  be  as  effective. 

Vanable  length  packets  could  not  be  used  effectively  for  all 
channel  access  methods.  In  particular  a  strict  time  division 
multiple  access  system  would  find  no  advantage  in  optimising 
packet  lengths.  To  maintain  a  minimum  information  throughput 
lengths  could  be  lowered  within  each  slot  but  this  would  increase 
the  redundancy  of  the  channel  enormously  and  could  only  be  an 
emergency  measure.  However  optimum  length  packets  are  ide¬ 
ally  suited  to  all  forms  of  unsloltcd  earner  sense  access  schemes 
and  It  is  here  that  the  largest  benefits  co'ild  be  found.  The  use  in 
frequency  or  code  division  multiple  access  schemes  may  also  be 
feasible 

The  major  problem  to  be  ideniified  in  the  investigation  was 
the  amount  of  channel  information  which  terminals  would  require. 
Each  terminal  in  a  distnbuted  network  would  need  to  have 
accurate  and  up  to  date  information  on  every  usable  link  in  the 


network.  This  would  result  in  a  large  increase  in  control  informa¬ 
tion  flowing  round  the  network.  In  a  distnbuted  network,  with  no 
stations  to  gather  and  assess  such  information,  this  should  be 
avoided. 

5.  Conclusion 

The  design  of  a  flexible  radio  network  simulation  and  some 
initial  tnals  to  assess  its  effectiveness  have  been  described  The 
simulator  and  the  methods  used  to  implement  it  have  been  shown 
to  be  successful.  A  small  set  of  computer  simulations  now  exist 
which  are  capable  of  performing  all  the  functions  of  a  distnbuted 
radio  network.  However  the  model  is  not  yet  finished,  as  work 
progresses  and  trials  are  conducted  the  simulauon  will  be  updated 
and  improved  continuously. 

The  examination  of  optimum  lengths  proved  to  be  useful  in 
Itself.  The  results  show  that  the  implementation  of  such  a  system 
IS  possible  and  that  it  can  have  a  beneficial  effect  on  throughput. 
The  simulation  also  allowed  ihe  problems  and  pitfalls  which  may 
be  encountered  in  designing  a  system  to  be  identified  In  addition 
the  investigation  showed  that  Ihe  methods  used  for  the  channel 
simulation  do  work  and  gave  the  opportunity  to  iron  out  all  the 
small  bugs  in  ihe  channel  simulation  and  network  model 
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SUMMARY 

Line-of'Sight  communication  between  high- 
performance  aircraft  has  been  found  to  be 
subject  to  a  peculiar  form  of  multipath 
radio-wave  propagation  -  Doppler  multipath. 
It  degrades  analogue  voice  reception  on  the 
standard-fit  UHF  radio,  producing  low- 
frequency  random  noise  and  warbling. 

Various  modifications  were  carried  out  on 
the  aircraft's  communications  system  but 
the  problem  remained;  all  the  evidence 
points  to  a  natural  phenomenon. 

The  reported  observations  are  corroborated 
by  theoretical  studies  and  laboratory 
simulations  of  multipath  radio-wave  propa¬ 
gation  between  2  points  moving  relative  to 
a  diffusely  scattering  reflector. 
Theoretical  predictions  of  Rician  fading 
have  explained  the  disruption  of  speech 
transmitted  using  conventional  dsb(am) 
modulation.  This  also  indicated 
suppressing  the  carrier  as  a  radical  cure. 

Double  sideband  suppressed-carrier  radios 
have  been  developed  for  airborne  evaluation 
in  comparison  with  standard  dsb(am).  The 
air-to-air  flying  trials  proved  the 
superior  performance  of  the  suppressed- 
carrier  system  under  conditions  of  Doppler 
multipath. 

1  INTRODUCTION 

Tactics  in  air  warfare,  as  in  any  other 
area  of  military  activity,  are  under 
continual  review,  and  changes  take  place 
over  a  period  of  time.  Recent  times  have 
seen  the  need  for  changes  in  tactics  for 
strike  aircraft  in  response  to  vast 
improvements  achieved  in  radar  performance. 
Strike  aircraft  are  now  required  to 
approach  enemy  territory  at  very  low 
altitude,  effectively  flying  underneath 
searching  radar  beams,  in  order  to  escape 
detection  for  as  long  as  possible. 

Low-level  formation  flying  entails  a  high 
workload  for  the  pilot,  and  the  last  thing 
that  must  take  his  attention  is  the  re¬ 
liability  of  the  tactical  UHF  radio 
communications.  But,  under  certain  flight 
conditions,  excessive  interference  effects 
began  to  be  encountered  on  the  air-to-air 
link. 

The  interference  observed  was  characterised 
by  a  sporadic  rumbling  noise,  sometimes 
accompanied  with  howls  and  warbling  of  the 
speech;  occasionally  it  was  intense  enough 
to  obliterate  the  message.  Its  causes  have 
remained  elusive  for  some  considerable 
time . 

As  will  be  explained,  the  scientific  inves¬ 
tigation  of  the  problem  was  circuitous  and 
spawned  a  number  of  interesting 
developments.  The  initial  thesis  that  a 
specific  form  of  multipath  radio-wave 


propagation  was  responsible  led  to  adoption 
of  the  term  "multipathing”  for  the 
phenomenon.  Development  of  the  theory  of 
multipath  wave  propagation  with  Doppler 
shift  led  to  various  attempts  to  model  the 
natural  mechanism  in  the  laboratory  by 
subjective  comparison  of  the  audible  effects 
of  "nultipathing" .  Direct  investigation  of 
the  radio- frequency  (r.f.)  phenomenon  was 
impractical . 

The  search  for  a  more  direct  means  of 
verifying  the  so-called  Doppler-multipath 
hypothesis  led  to  a  form  of  carrierless 
analogue  voice  modulation  whose  performance 
would  depend  heavily  on  the  nature  of  the 
perturbations  in  the  r.f.  channel. 

2  CONFIRMATION  OF  "MULTIPATHING” 

Suggested  candidates  were  cockpit  acoustic 
noise,  aircraft  vibration,  random  motion  in 
turbulent  air,  and  malfunctioning  of  the 
communications  electronics.  Minor  modifi¬ 
cations  were  made  to  the  Communications 
Control  System  {CCS),  the  Voice  Operated 
Gain  Adjusting  Device  (VOGAD),  and  the 
automatic  gain  control  (age)  systems  were 
Investigated  (l) .  Whilst  some  Improvements 
resulted,  the  essential  interference 
persisted,  Mechanisms  involving  the  air¬ 
frame  itself  were  discounted  since 
’•multipathing”  was  repented  on  4  or  5 
substantially  different  types  of  military 
aircraft. 

3  REPRODUCTION  OF  ’'MULflPATHlNG" 

The  interference  had  been  monitored  in 
Service  aircraft  by  equipping  aircrew  with 
personal  miniature  tape  recorders. 
Subjectively  similar  recordings  were 
obtained  from  special  trials  conducted  at 
RAE  (2)  in  transport  aircra't.  Three  quite 
disparate  radio  receivers  (a  va've  and  a 
transistorised  military  transceiver,  and  a 
iiieasurement  receiver)  were  connected  in 
parallel,  and  the  audio  outputs  were 
recorded  during  air-to-air  transmissions  of 
conventional  d8b{am)  speech  over  a  uhf 
radio  link.  When  "multipathing"  occurred 
the  auuio  outputs  were  indistinguishable  to 
the  human  ear.  Third-octave  spectra  also 
confirmed  that  the  respective  "multlpathing" 
signals  were  identical.  Attempts  to 
separate  the  speech  from  the  noise  by  high- 
pass  filtering  failed  to  improve  the  quality 
or  intelligibility:  there  appeared  to  be 
too  much  spectral  overlap  (3]. 

4  MULTIPATH  PROPAGATION 

Evidently  it  was  unnecessary  to  invoke  any 
8>rt  of  receiver  malfunction  to  account  for 
the  observed  effects.  The  cause  seemed  co 
be  a  multipath  electromagnetic  wave- 
propagation  mechanism  not  previously 
understood.  Indeed,  the  average  severity  of 
the  *'multipathing"  was  found  to  depend  on 
the  spatial  coni iguration  of  the  2  aircraft 
and  was  inversely  proportional  to  their 
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height  above  average  rolling  countryside 
,{see  Table  1). 

Line-of-sight  radio  communications  between 
aircraft  are  normally  subject  to  the 
effects  of  multipath  propagation.  For  many 
flying  configurations  the  main  effect  is  a 
relatively  slow  rate  of  signal  fluctuation, 
which  is  usually  disguised  by  the 
compensating  action  of  the  receiver’s 
automatic  gain  control  (age). 

This  ’’multipathing"  was  different;  it  was 
virtually  independent  of  age  action  and  it 
Increased  in  proportion  to  both  aircraft 
speed  and  carrier  frequency. 

5  THEORETICAL  TREATMENT  OF  "MULTIPATHING” 

The  suggested  link  with  multipath  radio-* 
wave  propagation  was  studied  and  a 
theoretical  basis  for  the  observed 
phenomenon  developed,  namely,  2  aircraft 
moving  together  over  an  uneven  reflecting 
surface  (Fig  la).  The  problem  may  be 
analysed  either  kinetically  (by  invoking 
the  concept  of  multiple  Doppler  shifts 
arising  from  oblique  scattering  from  the 
ground)  or  quasi-atatically  in  terms  of 
multipath  interference  (4). 

A  time-dependent  spatial  electromagnetic 
fringe  pattern  is  generated  by  interference 
between  the  direct  and  ground-reflected 
waves  from  the  source.  The  receiving 
aircraft  then  moves  partly  with  and  partly 
through  the  fringe  pattern,  experiencing 
relatively  slow  fluctuations  in  the 
strength  of  t^'e  coherent  wave.  Super¬ 
imposed  is  a  structureless  component 
resulting  from  diffuse  scattering  from  the 
uneven  terrain. 

This  Ooppler-multipath  model  predicts  an 
effect  which  approximates  a  Rician  fading 
channel.  Two  parameters  need  to  be 
specified: 

1  the  ratio  of  the  totally  random 

(Rayleigh)  field  component  to  the 

coherent  wave,  and 

ii  the  bandwidth  of  the  Rayleigh 

component . 

The  first  parameter  is  a  measure  at  any 
given  moment  of  the  strength  of  terrain- 
scattered  energy,  and  also  the  degree  of 
destructive  i..terference  between  the  direct 
and  single  (or  multiple)  waves  specularly 
reflected  from  the  terrain.  This  parameter 
fluctuates  as  the  receiving  antenna  moves 
in  and  out  of  interference  minima  -  hence 
the  sporadic  nature  of  the  effect. 

The  second  parameter  is  related  to  a 
terrain  roughness  index  (see  Appendix  A) 
and  is  enhanced  by  the  grazing  angle  of  the 
reflected  waves,  the  aircraft  speed,  and 
the  carrier  frequency. 

6  MICROWAVE  MODELLING  OF  DOPPLER 

MULTIPATH 

The  multipath  simulator  rook  the  form  of  a 
l/30th  scaled  model  of  aircraft  flying  over 
rough  ground,  but  the  aircraft  remained 
stationary  and  the  landscape  moved  beneath 
them.  Rough  ground  was  represented  by 
crinkled  aluminium  foil  attached  to  the 


periphery  of  a  6  ft  diameter  wooden  drum, 
and  this  was  rotated  at  speeds  equivalent 
to  ground  speeds  of  between  400  and  800 
knots.  The  military  UKF  Band  transmission 
frequencies  were  represented  by  frequencies 
30  times  higher  in  the  I/J  band.  Aircraft 
antennas  were  represented  by  2  horn  antennas 
mounted  above  the  rotating  aluminium 
surface;  one  was  used  as  the  emitter  and 
the  other  was  used  to  collect  the  scattered 
radiation.  The  direct  wave  between  emitter 
and  receiver  was  achieved  by  inserting  a 
waveguide  coupler  and  attenuator  between 
the  horn  waveguides.  The  complete  system 
is  depicted  by  Figure  2. 

A  high-quality  recording  of  speech  was  used 
as  source  material  to  modulate  the  trans¬ 
mitter.  The  output  from  the  receiver  passed 
through  an  audio  amplifier  to  the  loud¬ 
speaker.  Optimal  (amplitude)  modulation 
level  and  amplifier  gain  were  established 
with  the  drum  stationary.  The  drum's 
rotation  rate  was  adjusted  for  an  equivalent 
ground  speed  of  800  knots,  the  horn  antennas 
were  positioned,  and  the  strength  of  the 
r.f.  signal  through  the  .waveguide  coupler 
(representing  the  direct  wave)  was  adjusted 
for  maximum  level  of  Interference  on  speech 
from  the  loudspeaker.  Low-frequency  audio 
rumbling  predominated,  but  the  high- 
frequency  components  encroached  well  into 
the  speech  band.  As  the  drum's  rotation 
rate  (ground  speed)  increased  so  did  this 
encroachment . 

The  resulting  audio  output  consisted  of  the 
original  voice  signal  plus  a  continuous 
background  nolao  occupying  sub-audio 
frequencies  and  the  low  audio  band.  As  the 
direct  wave  was  adjusted,  so  as  to  add  in 
antiphase  to  the  reflected  wave,  the 
subjective  equivalent  of  "multipathing”  was 
heard.  Spectral  measurements  (see  Fig  3) 
of  the  low-frequency  noise  also  corroborated 
the  Doppler-mul tipath  hypothesis. 

7  REVIEW  OF  STRATEGY 

There  is  good  correspondence  between  the 
observations  of  "multipathing”,  the  micro- 
wave  modelling,  and  the  rudimentary  theory 
of  Doppler  multipath.  The  observed  effects 
were  qualitatively  and  quantitatively 
within  the  limits  set  by  the  theory. 
Nevertheless,  a  more  direct  investigation 
of  the  r.f.  phenomenon  was  felt  necessary 
before  a  proper  solution  could  be 
determined.  Unfortunately  the  required 
flying  laboratory  was  impractical. 

Two  candidate  remedies  to  the  "multipathing” 
problem  had  been  proposed.  The  first  simply 
accepted  the  interference  and  shifted  the 
voice  spectrum  away  from  the  band  of  noise, 
restoring  it  after  high-pass  filtering  at 
the  receiver.  That  method  did  not  depend 
on  aa  understanding  of  the  interference 
mechanism.  The  second  involved  a  change  of 
r.f.  modulation  and  depended  for  success  on 
the  correct  understanding  of  "multipathing". 

8  INTERACTION  OF  DOPPLER  MULTIPATH  WITH 
AMPLITUDE  MODULATION  (AM) 

The  Rayleigh  component  of  the  Rician  fading 
predicted  by  the  Doppler-multipath 
hypothesis  introduces  random  phase  and 
envelope  modulations  on  top  of  the  wanted 
signal  modulation.  They  have  the  effect  of 
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multiplying  the  wanted  double  sideband  (dsb) 
spectrum  with  a  noise-likf  spectrum  (see 
Appendix  B)  whose  bandwidth  is  determined 
by  the  model's  input  data  (speed,  carrier 
frequency,  terrain-roughness  index,  etc). 

The  r.f.  spectrum  of  d8b(affl)  is  illustrated 
in  Figure  4  (inset).  It  consists  of  a 
fixed  carrier  and  2  symmetrical  sidebands 
containing  the  wanted  modulation  fre¬ 
quencies.  The  effect  of  multiplying  the 
sidebands  and  carrier  with  a  noise-like 
signal  is  now  considered.' 

The  frequency-domain  structure  of  speech 
largely  comprises  4  "formants",  character¬ 
istics  of  the  vocal  tract  [S].  They 
manifest  themselves  as  broad  peaks  in  the 
harmonic  spectrum  of  spoken  phonemes.  With 
a  natural  bandwidth  of  200-300  Hz  they  can 
easily  survive  the  little  extra  broadening 
described  by  the  Doppler-multipath  process.' 
The  subjective  effect  of  so  broadening  the 
modulation  sidebands  is  not  deleterious, 
adding  a  tolerable  hoarse  or  gravelly 
quality  to  the  speech. 

The  carrier,  on  the  other  hand,  is  endued 
with  new  noise-like  sidebands  corresponding 
to  maximum  (100^)  modulation  index. 

Figure  4  illustrates  the  phenomenon.  The 
noise-like  sidebands  are  superimposed  on  the 
(speech)  modulation  sidebands  with  the 
result  that  noise  is  added  to  the  audio 
output  of  the  receiver. 

Whilst  not  an  essential  element  of  the 
d8b(am)  modulation  standard,  in  practice  am 
receivers  use  nothing  more  sophisticated 
than  non-coherent  envelope  detectors.  It 
can  be  shown  that  such  a  non-linear  detector 
produces  severe  harmonic  distortion  of 
unconstrained  signals  such  as  carriers  that 
have  undergone  multipath  or  Rayleigh  fading. 
Such  frequency  multiplication  extends  the 
noise  bandwidth  after  demodulation  well 
beyond  the  bandwidth  of  the  perturbations 
of  the  radio  channel,  and  accounts  for 
further  encroachment  into  the  audio  pass 
band . 

In  conventional  "amplitude  modulation"  - 
d3b(am)  -  neither  sideband  may  be  more  than 
6  dB  below  the  carrier  at  100%  modulation 
index.'  Because  of  the  danger  of  over¬ 
modulating  speech  signals  the  average 
modulation  index  is  set  much  lower,  so 
further  disadvantaging  the  wanted  signal 
relative  to  this  carrier-borne  interference. 

The  corollary  is  that  simply  suppressing 
the  carrier  prior  to  transmission  will 
eliminate  the  additive  noise,  which  has  the 
most  harmful  effect.  Two  forms  of  carricr- 
less  modulation  are  available:  single 
sideband  (ssb)  and  double  sideband 
suppressed  carrier  (dsb. sc).  The  effect  of 
channel  fading  on  dsb. sc  is  illustrated  in 
Figure  5.- 

9  PILOT-SCALE  DSB. SC  COMMUNICATION  SYSTEM 

Implementing  a  carrierless  transmission 
system  is  dependent  on  reconstituting  the 
carrier,  in  phase,  at  the  receiver.  For 
arbitrary  modulating  signal  the  only  key  to 
locating  the  carrier  wave  is  the  symmetry  of 
the  r.f.  spectrumj  clearly  ssb  per  se  *8 
ruled  out.  The  implicit  symmetry  of  dsb. sc 
IS  preserved  in  transmission  because  the 


coherence  bandwidth  (qv)  of  the  multipath 
is  of  the  order  of  10  times  the  occupied 
bandwidth.' 

n  pilot-scale  double-sideband  suppressed- 
carrier  communication  system  was  developed 
(6]  using  a  low  carrier  frequency  of 
80  kHz  to  ease  electronic  circuit  design. 

Most  of  the  functions  of  a  full-scale  uhf 
radio  communication  system  were  represented 
including:  linear  modulation,  automatic 
gain  control  (age),  carrier  reconstitution, 
and  coherent  demodulation.  Out  of  several 
different  carrier-recovery  methods  [7,8,9, 
lO]  the  one  selected  at  this  stage  was 
the  so-called  2f  method..  The  whole  r.f., 
signal  is  first  squared  to  generate  a 
phase-coherent  carrier  at  twice  the 
frequency  f  of  the  original..  A  fast¬ 
acting  phase-locked  loop  then  cleans  up  the 
2f  carrier  before  it  is  divided  by  2  and 
used  to  reference  the  coherent  demodulator. 
An  auxiliary  audio  tone  was  added  to  the 
speech  signal  to  keep  the  receiver  on  track 
during  pauses  in  speech.  Placing  this  tone 
above  the  conventional  audio  pass  band  at 
S  kHz  made  it  easy  to  filter  it  out  at  the 
receiver .' 

10  RICIAN  FADING  TRIALS  OF  DSB  SUPPRESSED 
CARRIER 

A  Rician  fading  simulator  was  interposed 
between  the  sender  and  receiver  of  the 
pilot-scale  system  (see  Figure  6).  The 
bandwidth  and  relative  intensity  of  the 
Rayleigh  component  could  be  varied  at  will. 
Thus  the  fading  channel  could  be  varied 
continuoualy  from  nearly  pure  Rayleigh, 
through  all  intermediate  combinations,  to 
steady  coherent  transmission. 

The  dsb.ac  system  allowed  the  carrier  to  be 
diminished  progressively  from  0  dB  to 
-50  dB  relative  co  the  audio  sideband.  The 
rms  and  peak  noise  produced  at  the  audio 
output  was  measured  using  a  Bruel  &  KJaer 
Type  2425  meter  and  was  found  to  vary  in 
proportion  to  the  residual  carrier  (see 
Figure  7).'  The  resulting  signal-to-noise 
ratio  steadily  increased  as  the  carrier  was 
progressively  diminished  down  to  25  dB 
below  the  audio  sideband;  full  suppression 
was  unnecessary.  Even  with  full  Rayleigh 
fading  the  spoken  sounds,  whilst  sounding 
hoarse  or  gravelly,  were  yet  Intelligible 
and  the  intersticee  free  of  noise.  The 
acquisition  time  of  the  carrier  reconsti¬ 
tutor  was  practically  Instantaneous. 

For  comparison  a  conventional  d8b(affl) 
system,  using  an  envelope  detector,  was 
substituted  for  the  auppressed-carr ier 
system.  The  additive  noise  reappeared  and 
its  intensity  was  proportional  to  the 
strength  of  the  Rayleigh  component  of  the 
fading.  The  noise  filled  in  the  gaps 
between  phonemes  and,  at  its  most  intense, 
obliterated  the  speech.  High-pass 
filtering  of  the  audio  signal  failed  to 
restore  intelligibility  because  the  noise 
spectrum  seemed  to  match  that  of  the  speech. 
That  was  significant  since  the  bandwidth  of 
the  nolse-like  excitation  of  the  Rician 
fading  generator  had  been  set  at  170  Hz,  the 
value  for  a  typical  low-level  flying  sortie.. 
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11  REQUIREMENTS  FOR  AIRBORNE  TRIALS  OF 
OSB.SC 

In  order  to  compare  different  communications 
systems  the  exposure  to  '’multipathing*'  must 
be  consistent.  The  sporadic  nature  of  the 
observed  effect  was  entirely  consistent  with 
the  Ooppler-multipath  hypothesis.  Magnlfi-> 
cation  of  the  Rayleigh  component  Is 
contingent  upon  the  receiving  aircraft 
placing  its  aerial  in  a  minimum  in  the 
spatial  interference  pattern  of  the  direct 
and  indirect  waves.  For  exact  repeatability 
the  2  aircraft  would  have  to  navigate  to  an 
accuracy  of  0.1  m,  each  holding  precisely 
the  same  heading  and  bank  angle;  in 
practical  terms  the  interference  is 
unrepeatable.  That  conaideration  ruled  out 
system  comparison  on  a  flight-by-flight 
basis . 

Parallel  testing  would  entail  2  separate  UHF 
channels  (for  the  2  modes  are  different  from 
sender  to  receiver).  They  would  have  to  be 
closer  in  frequency  than  the  coherence  band¬ 
width  of  the  interference  pattern,  about 
500  kHz.  and  such  allocations  were  not 
available.  Rapid  serial  comparison  of 
dsbCam)  and  dsb.sc  modes  seemed  to  be  the 
only  recourse.  Fortunately  under  experi¬ 
mental  conditions  the  **multlpathing*'  tended 
to  remain  consistent  over  periods  lasting 
for  several  seconds.  That  would  permit  fair 
comparison  of  short  transmissions  in 
alternate  modes  provided  the  switch  over 
could  be  done  quickly. 

12  DEVELOPMENT  OF  UHF  OSB.SC  AIRBORNE 
RADIOS 

For  economy,  a  one-way  radio  communication 
system  was  specified  comprising  a  sender  and 
receiver  -  each  of  which  could  be  made  to 
seloct  suppressed-carrler  mode  or  conven¬ 
tional  d8b(am)  virtually  instantaneously. 

In  view  of  the  proximity  of  the  aircraft,  a 
low  output  power  of  1  watt  was  considered 
adequate . 

The  suppressed-carrier  facility  was 
Implemented  by  modifying  a  pair  of  ex- 
Service  UHF  transceivers.  Whilst,  at  this 
stage,  a  Costas  Loop  might  have  given 
superior  performance  it  would  have  entailed 
a  re-design  of  the  existing  i.f.  strip,  and 
80  an  elaboration  of  the  '*2f"  method  {llj 
was  employed  for  carrier  reconstitution.  As 
in  the  pilot-scale  version,  the  acquisition 
of  the  dsb.sc  signal  was  practically 
instantaneous.  In  all,  3  printed  circuit 
boards  and  an  FET  ring  modulator  were  added 
to  the  basic  radios. 

Prior  to  the  flight  trials  the  sender  and 
receiver  were  fully  characterised,  paying 
particular  attention  to  the  carrier-tracking 
range  as  a  function  of  r.f.  input  power. 

The  complete  link  was  then  tested  on  the 
ground  in  both  modes  with  steady  and  rapidly 
fading  r.f.  channels. 

13  AIRBORNE  MULTIPATHING  TRIALS  OF  SCB.SC 

Survivability  in  the  air,  and  general  EMC, 
was  tested  by  flying  air-to-ground  and  then 
ground-to-air  radio  links.  The  experimental 
radio  link  allowed  communication  in  only  one 
direction.  Two-way  communications  were 
furnished  by  a  separate  radio  link. 


The  first  air-to-air  flight  trials  estab¬ 
lished  where  and  under  what  flying 
configurations  reliable  "multipathing" 
could  be  produced.  The  2  aircraft  began  by 
flying  in  line  astern  formation  at  250  knots. 
The  favoured  configuration  for  inducing 
severe  *'multipathing*'  was  to  have  the  second 
aircraft  pull  forward  from  trailing  position 
at  an  altitude  of  500  to  1000  ft  below  the 
lead  aircraft  until  it  was  beneath  it.  Very 
low  flying  was  ruled  out  on  grounds  of 
safety,  but  some  sorties  were  flown  below 
2500  ft. 

The  final  proof  trials  took  place  over 
southern  England  and  the  Midlands  in  early 
1990,  using  2  BAC  1-11  aircraft  fitted  out 
as  flying  laboratories.  The  main  piece  of 
Instrumentation  was  a  TEAC  professional 
7-track  tape  recorder  to  record  the  received 
speech,  and  monitor  the  age  line  and  the 
transmitted  envelope.  Standard  test 
sentences  were  read  and  transmitted  in 
alternately  conventional  d8b(am)  and 
suppressed-carrler  modes.  Several  hours  of 
recordings  were  analysed  subjectively, 
resulting  in  the  production  of  exemplary 
episodes  of  severe  '*mul tipathing"  in  which 
the  presence  of  the  interference  came  and 
went  as  the  transmission  mode  was  switched 
between  d8b(am)  and  suppressed  carrier  (see 
Figure  8).  Fast  Fourier  Transform  (FFT) 
spectra  were  derived  from  portlona  of 
'*fflultipathing"  that  occurred  when  there  was 
no  voice  modulation  (see  Figures  9,10);  the 
noise  reduction  is  virtually  total.  A 
statistical  analysis  of  the  trials  tapes 
was  made  in  which  all  episodes  of  multipath 
interference  were  recorded  and  the  quality 
of  the  following  dsb.sc  transmission  noted. 
The  results  are  shown  in  Figure  12  for  2 
levels  of  interference.  Severe  multipath 
Interference  made  normal  am  unintelligible. 

24  CONCLUSION 

Ftequency  modulation  has  been  identified  as 
an  alternative  to  dsb.sc.  The  Doppler- 
multinath  hypothesis  predicts  phase 
fluctuations  as  well  as  envelope  fluctu¬ 
ations  such  that,  for  comparable  channel 
bandwidths. ( narrowband)  fm  will  fare  no 
better  than  dsbiam).  The  prospect  of  over¬ 
coming  the  interference  by  using  wideband 
fm  carries  the  penalty  of  substantially 
increasing  the  occupied  bandwidth  In  an 
already  overcrowded  radio  band.  Dsb.sc,  on 
the  other  hand,  is  an  Inherently  narrow 
band  and  linear  modulation  standard  which, 
in  addition,  Is  compatible  with  conventional 
d8b( am)  broadcasts . 

The  employment  of  double-sideband 
suppressed-carrler  in  the  presence  of 
'*multipathing"  type  inteference  has 
successfully  demonstrated  the  application 
of  the  Ooppler-mul tipath  hypothesis. 

A  fully  engineered  dsb.sc  cystem  will  out¬ 
perform  conventional  UHF  d8b(am)  short- 
range  air-to-air  radio  communications.  A 
10-fold  reduction  *.n  message  failure  rate 
due  to  '*mul tipathing"  is  predicted  for 
dsb . sc . 

It  is  recommended  that  a  full^  engineered 
10  W  version  of  the  UHF  dsb.sc  radio  be 
trialled  in  Service  high-performance 
ai rcraf t . 
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age  automatic  gain  control 

am  amplitude  modulat( ion/ed) 

CCS  Communications  Control  System 

dsb  double-sideband 

dsb.sc  double-sideband  suppressed-carrier 

d6  decibel 

EMC  electromagnetic  compatibility 

FBI  field-effect  transistor 

FFT  fast  Fourier  transform 

f.m.,  frequency  modulat(  ion/ed) 

i.t»'  intermediate  frequency 

I  band  »  8.0  -  10.0  GHz 

J  band  »  10.0  -  20.0  GHz 

r.f.  radio  frequency 

rms  root  mean  square 

ssb  single  sideband 

uhf  ultra  high  frequency  (300-3000  MHz) 

UHF  military  Ultra  High  Frequency  band 

(225-400  MHz) 

VOCAD  Voice  Operated  Gain  Adjusting 

Device 
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APPENDIX  A 

The  subject  of  multipath  due  to  specular 
reflections  of  aircraft-borne  radio  waves 
from  the  ground  is  well  established  (l2]. 

In  contrast,  the  diffusely  scattered  signal 
is  less  well  understood  and  is  too  variable 
to  give  rise  to  any  structured  interference 
fringes.  It  is  most  usefully  treated  [13] 
as  a  random  noise-like  variable,  and  is 
characterised  by  its  rms  power  p  and 
bandwidth  lAf  .  The  composite  reflected 
wave  may  be  described  by  the  addition  of  a 
time-varying  vector  in  phase  space  to  the 
discrete  specular  components.  If  the 
aircraft-ground-aircraft  configuration  is 
such  that  the  principle  indirect  wave 
propagation  path  makes  an  angle  of  Y  to 
the  horizontal,  then  a  criterion  for  "rough 
terrain"  is  that  h/1  sin  T  >>  1  where  X  is 
the  wavelength  and  h  is  the  rms  surface 
height  above  the  mean  tangent  plane 
(horizontal) . 

The  crucial  factor  in  the  analysis  is  the 
ratio  R  of  the  dimensions  of  the  first 
Fresnel  zone  to  the  auto-correlation 
distance  D  of  the  surface  features.  If 
R>>1  an  effect  more  like  phase  modulation 
of  the  indirect  wave  occurs  whereas  if 
R<<1  a  truly  diffuse  scattering  process 
takes  place,  corresponding  to  classical 
Rayleigh  fading.  It  turns  out  that  in  both 
cases  the  bandwidth  of  the  perturbations, 
whether  phase  or  phase  and  amplitude,  is  a 
more  or  less  constant  function  of  the 
aircraft  ground  speed,  v  ,  the  grazing 
angle,  Y  ,  and  the  rms  slope,  a  ,  of  the 
surface.  Terrain  topology  is  described 
statistically  by  a  Gaussian  distribution 
with  standard  deviation  h  of  the  surface 
height  above  its  mean,  and  autocorrelation 
distance  D  .  Bellow  (lb]  defines  the  rms 


slope  a  thus: 

tan  a  =  /2  h/D  .  .  ( 1 ) 

Af  =  e/2aV  am  Y/X  .  (?) 

where  l<6</2  . 


Af  IS  defined  at  the  exp(-/^)  points  of 
the  power  spectrum. 

Typical  data  are: 

a  =  0.39  (45  drg) 

V  a  310  m/s  (600  knots) 

Y  *  45  dog 
X  »  1  m 

ergo  1?1.0  <  Af  <  171.6  Hz. 

The  various  results  of  the  interference 
between  the  2  waves  may  be  explained  by 
reference  to  the  phase-space  diagrams  at 
Figure  11.  When  it  happens  that  the 
receiving  aircraft  is  positioned  near  a 
minimum  in  the  spatial  interference  pattern 
the  vector  representation  of  Figure  11a 
obtains.  The  specular  component  of  the 
reflected  (indirect)  wave  (B)  is  comparable 
in  magnitude  but  opposite  in  polarity  to 
the  direct  wave  (A).  The  instantaneous 
reflected  wave  vector,  R(t),  is  the  sum  of 
B  and  the  noise-like  scattered  component, 
represented  by  the  time-varying  vector  D{t). 
The  circle  round  the  tip  of  B  represents 
the  locus  of  a  vector  having  a  random  phase, 
and  rms  amplitude  p  -  the  statistical 
representation  of  D(t).  Two-thirds  of  the 


energy  in  the  diffusely  scattered  wave  is 
contained  within  the  o  circle. 

The  electric  field  experienced  by  the 
receiving  antenna  is  the  sum  of  the  instan¬ 
taneous  wave  vectors  -  considered  as 
vectors  in  respect  of  both  the  geometrical 
space,  in  which  the  waves  propagate,  and  in 
phase  space.  It  is  assumed  that  the 
electric-fields  are  sufficiently  close  to 
the  vertical  to  make  the  phase-space 
vectors  the  determining  factor.  The 
resultant  is  given  by  the  vector  sum 
illustrated  in  Figure  11b: 

V{t)  =  A  +  B  +  D(t>  .  (3) 

V(t)  can  be  described  as  the  sum  of  a  phase- 
coherent  component, C, and  the  noise-like 
component,  D( t) ,  with  rms  amplitude  p 

where  CsA-fB.  .  (4) 

Eq.(4)  is  an  expression  of  the  specular 
Interference  pattern.  A  fuller  treatment 
of  the  wave  polarisation  cannot  be  under¬ 
taken  here  but  it  is  sufficient  to  state 
that,  in  general,  the  coherent  component, 

C  ,  will  be  weakened  relative  to  the  noise- 
like  component. 

The  phase  modulation  which  n(t)  imparts  to 
both  the  indirect  wave  alone  and  to  the 

resultant  V(t)  ♦y  1®  given  by  the  following 


approximations : 

♦b  =*  2/7>  P/B  .  (5) 

♦  v  =  2/”  P/C  .  (6) 

where  p<<B  p<<C  . 


In  the  vicinity  of  minima  in  the  inter¬ 
ference  pattern,  C<<B  and  therefore  the 
resultant  phase  modulation  ♦y  '"fty  exceed 
the  phase  modulation  ♦p  of  the  indirect 
wave  by  the  factor  B/C.  either  p 

increases  or  C  decreases  such  that  P<<C 
no  longer  holds,  then  Eq.(6)  becomes 
invalid  and  the  vector  representation  of 
Figure  11c  becomes  appropriate,  Hero  C 
18  swamped  by  Dlt)  and  the  locus  of  the 
rms  diffuse  component  encompasses  the 
origin  of  C  as  shown  by  the  circle, 
radius  p  .  The  phase  of  the  resultant  is 
almost  as  random  as  D(t)  itself  and  fills 
the  range  0  to  2  i  . 

The  amplitude  distribution  is  also  close  to 
Rayleigh. 

Figures  11a, b  illustrate  the  way  in  which 
random  amplitude  modulation  is  produced  in 
addition  to  phase  modulation.  For  B>>p 
the  intrinsic  amplitude  modulation  of  the 
indirect  wave  is  given  by 


mb  =  P/B  .  (7) 

and  for  the  resultant: 

mp  a  f/C  .  (8) 


C>>p 

Again,  the  amplitude-modulation  index  is 
increased  oy  the  factor  B/C. 


1 
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APPENDIX  B 


ENVELOPE  DEMODULATION  OF  MULTIPATH-FADING 
SIGNALS 

The  Important  effect  of  fast  fading  (multi- 
path  or  other  forms)  on  full-carrier  am 
reception  is  the  random,  noise-like  envelope 
modulation  of  the  transmitted  signal, 
whether  already  modulated  or  not.  Ignoring 
the  largely  irrelevant  phase  modulation,  the 
equivalent  am  fading  channel  essentially 
multiplies  (exactly)  the  signal  envelope  by 
the  time  function,  g(t) 


g(t)  o  1  *  n(t) 


|n(t)|  <1  ...(B-l) 


and  n(t)  is  a  zero-mean  noise-like 
function  of  bandwidth  tt  and  rma  magnitude 
related  to  the  factor  p/C  (see  Section 


Consider  a  carrier  y(t)  »  a  cos  wt 
modu''^'.ed  to  a  depth  mg  by  the  wanted 
signal  a(t)  .  The  transmitted  signal 
y  '  ( t)  is  given  by 

y'(t)  »  a  +  msa(t)j  cos  «t  ...(B-2) 

where  mg  <  1  ,  ]s<t)|  <  1  . 

After  passing  through  the  equivalent  am 
fading  channel,  the  received  signal  y"(t) 
is  given  by 

y" ( t )  -  g( t )y ' ( t )  ... (B-3) 


a^l  +  n{t)J  +  mgeCt)) 


cos  ut 
«  a  fl  + 


+  n(t)j 


4-  am38(t)  cos  wt 

4  amsn(t)s(t)  cos  wt  .  ...(B-5 

After  perfect  envelope  detection  at  the 
receiver  (no  harmonic  distortion  or  inter- 
modulation  products)  the  baseband  signal 
z(t)  may  be  written  in  normalised  form  as 

z(t)  «  1  +  n(t)  +  ms8(t) 

+  msn<  t)8( t)  .  ...  (B-6 


INTERFERENCE  INTENSITY  AGAINST  AIRCRAFT 
ALTITUDE  AND  CONFIGURATION 


Alt 

(1000* ) 


Aircraft  configuration 

(a) 

(b) 

(c) 

(d) 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Slight 

Slight 

None 

None 

Slight/Bed 

Slight/Med 

- 

- 

Med 

Med 

- 

- 

Med/Bad 

Med/Bad 

- 

- 

Bad 

Bad 

- 

- 

Severe 

Severe 

V  severe 

V  severe 

(a)  line  astern  Canberra  leading 

(b)  line  astern  BAC  1-11  leading 

(c)  Canberra  500  ft  below  BAC  l-ll 

(d)  BAC  1-11  500  ft  below  Canberra 


The  first  2  terms  on  the  right-hand  side 
represent  the  envelope  modulation  of  the 
pure  radio  carrier.  The  dc  level  is 
discarded  but  the  second  term,  n(t)  ,  is  an 
alternating-current  signal  and  is  passed  to 
the  receiver  output.  The  third  and  fourth 
terms  are  relatively  smaller  as  determined 
by  the  modulation  index  mg  •  The  third 
term  represents  the  wanted  signal  and  is 
unchanged  under  the  application  of  fading. 
The  last  term  is  a  second-order  noise-llke 
term  which  rises  in  proportion  to  both  the 
wanted  modulation  and  the  fading-envelope 
modulation. 


The  processes  described  above  are  illus¬ 
trated  graphically  in  Figure  4  for  envelope 
demodulation  of  a  full-carrier  amplitude- 
modulated  signal  and  in  Figure  5  for  the 
counterpart  dsb.sc  signal. 


U099  Hr)  F(c«k>t>v(i  4'XpU<*m*A\  f,H{ 


Fig  3  Spectrum  from  microwave  simulation 


d)  OemoduUUO  d  sbtc  signa)  -  lading  ton*  a(  >»  with 
tymmtiri:al  anvctept 

Fig  5a  -  d  Transmission  of  dsbsc  in  an 
envelope-fading  channel 
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Fig  10  FFT  apoctrum  of  multipathlng 
on  dab. sc  **  no  voice 
rnodulation 


a)  OiKd  l•^4C(cd  w<v< 


bl  V*<t4(  addilion  of  tfittil  «Ad  rtfitcfod  warts 


400  600  1200  1600  2000  ^4^'  2600  3200  3600  4000  4400 

BastUrxj  l(aQu«nc>  Hj 


to  moOtrat0  muRipaih 


Clear  r0ce(/tion 


I  Ci«ar  v^ce,  but 
i  aomecracKimo 


P  UfvnteMrgibie 


to  SfV0f«  mun^pslb  .nterlerftnce 


Fig  12  Bar  charts  showing  quality  of  DSBSC  reception  during 
multipath  interference 


c}  F'cddmma'xc  of  (aridom 

Fig  lia  -  c  Phase-space  vector  diagrams  for 
multipath  intorference 
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DISCUSSION 


C.  GOUTELARD 

Avez-vous  utilise  la  meme  puissance  dans  les  2  types  de  modulations  ?  Si  oui, 
4 1’effet  que  vous  signalez  concemant  les  multitrajets  s’ajoute  le  fait  que  toute 
I’dnergie  est  concentr^e  dans  les  bandes  latirales  lorsque  vous  supprimez  la 
porteuse,  ce  qui  am61iore  la  transmission.  Avez-vous  envisage  d’utiliser  la 
modulation  de  frequence  ? 

AUTHOR’S  REPLY 

Non,  nous  n’avons  pas  utilise  la  meme  puissance  totale  dans  les  deux  types  de 
modulation.  Nous  avons  mis  environ  la  meme  puissance  dans  les  bandes 
latdrales  pour  les  deux  types  de  modulation.  A  I’^metteur  nous  avons 
s61ectionn6  un  type  ou  I’autre  par  I’addition,  ou  non,  de  la  porteuse. 

Oui,  nous  avons  envisage  d’utiliser  la  modulation  de  frequence,  mais  nous 
n’avions  pas  (et  maintenant,  nous  n’avons  pas)  d’6quipement  de  modulation 
de  frequence  en  "UHF.  Nous  croyons  que  la  modulation  de  frequence  4 
bande  de  frequence  6troite  n’am^liore  pas  le  bruit  de  "multipathing". 


D.YAVUZ 

Can  you  comment  on  the  existence  of  this  effect  on  the  first  generation  slow 
hopping  UHF  radios  (Have  Quick)  without  of  course  going  into  the  classified 
details. 

AUTHOR’S  REPLY 

It  is  expected  that  "multipathing"  interference  (g.v.)  should  affect  Have  Quick 
radios  in  the  similar  circumstarces  to  those  described  in  the  paper,  namely 
air-to-air  line-of-sight  at  relatively  low  altitudes.  Recent  (1988)  RAE  flying 
trials  have  demonstrated  the  effect  in  relatively  slow  passenger  transport 
aircraft. 
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1  14.  Abstract  , 

I  I'his  publication  reports  the  papers  presented  to  a  symposium  held  by  the  Blcctromagnctic  Wave 
Propagation  Panel  at  its  Fall  1990  meeting. 

I'he  topics  covered  on  the  occasion  of  that  symposium  include: 

”  Effects  on  distributed  systems  of  the  space,  the  time  and  the  frequency  coherence  of  waves. 

—  Jamming  and  noi.se  reduction  effects  on  distributed  systems: 

—  coherence  jamming  and  noi.se  versus  .space,  time,  frequency; 

—  ECM  and  ECCM, 

j  -  Distributed  systems: 

—  radiocommunications:  cellular  systems,  multi  receivers  or  transmitters; 

1  '  —  radar  systems:  synthetic  aperture,  imagery,  holography,  multLslatic  systems,  multifrequcncy 

I  systems; 

I  —  satellites:  multifrequcncy  systems,  range  finding; 

—  ECM  and  ECCM  in  the  systems. 
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